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Optical  data  processing  has  not  achieved  its  potential  of  increased 
capacity  and  speed  compared  with  conventional  electronic  techniques 
primarily  for  lack  of  a  practical  real-time  image  modulator  and 
because  optical  techniques  have  been  almost  exclusively  limited  to 
linear  operations.  The  research  outlined  in  this  report  of  a  four  year 
research  program  attacks  these  issues  by  studying  the  implementation  of 
real-time  nonlinear  parallel-processing  techniques.  The  various 
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implementations  studied  all  employ  real-time  liquid-crystal  light  valves. 
These  spatial  light  modulators  were  developed  and  specially  modified  for 
these  tasks  by  Hughes  Research  Laboratories.  One  approach  we  have 
investigated  was  to  modify  and  characterize  the  standard  twisted-nematic 
liquid-crystal  devices  and  then  to  use  them  in  a  coherent  optical  data- 
processing  apparatus  using  halftone  masks  custom  designed  at  the 
University  of  Southern  California.  With  the  halftone  mask  technique,  we 
have  demonstrated  logarithmic  nonlinear  transformation,  allowing  us  to 
separate  multiplicative  images  and  perform  homomorphic  filtering.  In 
addition,  a  novel  analog- to-digital  converter,  based  on  a  modified  pure- 
birefringence  liquid-crystal  light  valve,  was  developed  and  demonstrated. 
It  can  perform  parallel  processing  using  incoherent  light,  and  it 
promises  high  data  throughput  rates.  Furthermore,  a  novel  device  that 
converts  local  light  variations  to  local  liquid-crystal  phase  grating 
period  variations  has  been  fabricated  and  was  evaluated  and  improved.^-  ; 
This  device  allowed  nonlinear  functions  to  be  implemented  directly  with¬ 
out  the  need  for  specially  made  halftone  masks.  Besides  nonlinear  analog 
functions,  this  device'has  the  demonstrated  capability  of  performing 
digital  optical  logic  using  the  binary  combinatory  Boolian  functions. 

Much  materials  work  remains  to  be  done  to  produce  stable,  uniform 
devices.  The  project  was  a  cooperative  joint  effort  with  the  University 
of  Southern  California  Image  Processing  Institute. 
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SECTION  1 

INTRODUCTION  AND  BACKGROUND 


This  final  report  presents  progress  made  during  a  four-year  program  on 
nonlinear  real  time  optical  signal  processing.  The  work  includes  both  the 
refinement  and  redesign, of  already  existing  liquid  crystal  light  valve  (LCLV) 
optical  input  transducer  types  and  the  development  of  new  species  of  optical 
transducers  or  spatial  light  modulators.  These  transducers  have  been 
employed  in  this  research  effort  to  produce  a  variety  of  demonstrations  of 
nonlinear  parallel  optical  signal  processing  including  applications  to  digital 
optical  logical  computations.  This  section  describes  the  background  and 
motivation  for  the  research  project.  The  research  was  done  in  close  coopera¬ 
tion  with  the  Image  Processing  Institute  at  the  University  of  Southern 
California  in  conjunction  with  their  closely  related  AFOSR  program. 

Optical  data  processing  (ODP)  has  promised  for  two  decades  a  vast 
increase  in  processing  capacity  and  speed,  as  compared  with  conventional 
electronic  techniques.  This  promise  has  never  been  fulfilled  for  several 
reasons,  most  notably  because  of  the  lack  of  a  practical  real-time  spatial 
light  modulator,  or  light  valve,  and  because  optical  techniques  were  almost 
exclusively  limited  to  linear  operations.  These  restrictions  recently  have 
been  removed  by  the  development  of  the  liquid-crystal  light  valve  by  Hughes 
Research  Laboratories  (HRL)  and  the  development  of  certain  nonlinear  parallel¬ 
processing  techniques  utilizing  halftone  screens  by  the  University  of  Southern 
California  (USC)  Image  Processing  Institute.  Thus,  it  was  important  to  deter¬ 
mine  how  successfully  nonlinear  parallel-processing  techniques  could  be 
implemented  in  real  time  with  LCLVs. 

The  implementation  and  evaluation  of  these  techniques  have  a  direct 
relationship  to  current  Air  Force  technology.  Pertinent  Air  Force  interests 
include  multidimensional  real-time  signal  and  image  processing  with  varied 
applications  including  nonlinear  filtering  for  trajectory  control  and  guid¬ 
ance,  "smart"  sensing,  picture  processing,  and  bandwidth  compression.  These 
technologies  could  benefit  substantially  from  the  increased  processing  capacity 
and  speed  that  this  research  may  ultimately  yield. 
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Until  now,  specified  nonlinear  operations  have  been  performed  only  with 
great  difficulty.  Coherent  Fourier  optical  techniques  are  essentially 
restricted  to  linear  operations  such  as  correlation,  convolution,  and  filter¬ 
ing.  Electronic  digital  processing  to  produce  nonlinear  transformations  is 
possible,  but  only  in  a  slow,  serial  fashion.  Certain  nonlinearities  can  be 
produced  by  special  photographic  techniques;  but  the  speed,  accuracy,  repro¬ 
ducibility  ,  and  dynamic  range  of  these  techniques  are  limited. 

We  have  pursued  three  different  optical  approaches  to  attempt  to  over¬ 
come  these  shortcomings.  The  first  makes  use  of  special  halftone  screens  to 
modulate  the  input  image,  in  conjunction  with  coherent  optical  processing  to 
desample  in  the  Fourier  plane.  This  technique  has  made  it  possible  to 
implement  nonlinear  functions  when  selected  orders  of  the  halftone  diffraction 
patterns  are  examined  by  spatial  filtering.  Sawchuk  and  Dashiell  of  USC  have 
shown,  by  using  specially  fabricated  halftone  screens,  how  a  very  wide  class 
of  two-dimensional  point  nonlinear  functions  can  be  implemented  with  a  large 
dynamic  range  as  a  function  of  screen  design  and  diffraction  order.  The 
nonlinearities  can  be  continuous  or  discontinuous.  Operations  such  as  taking 
logarithms,  exponentiation,  level  slicing,  intensity  bandstopping,  and  histo¬ 
gram  equalization  can  be  performed.  We  have  expanded  the  halftone  screen 
technique  by  substituting  a  real-time  photo-modulated  LCLV  for  the  static 
photograph  recording  medium.  We  have  successfully  demonstrated  a  logarithmic 
nonlinear  transformation  using  this  technique,  indicating  that  this  trans¬ 
formation  is  useful  for  homomorphic  filtering  applications.  In  cooperation 
with  USC,  we  have  studied  the  performance  potentials  and  limitations  of  this 
implementation  and  how  to  iteratively  modify  and  improve  the  LCLV  and  halftone 
masks.  Limitations  due  to  device  hysteresis,  poor  threshold  sharpness,  tem¬ 
perature  sensitivity,  and  nonuniformity,  though  manageable,  caused  us  to  seek 
alternative  methods  to  the  halftone  screen  technique. 

The  second  method  studied  for  overcoming  the  limitations  of  serial  or 
photographic  nonlinear  processing  employs  an  LC  effect  that  can,  when  incor¬ 
porated  into  a  new  type  of  light  valve,  automatically  map  local  image  inten¬ 
sity  variations  into  positions  in  Fourier  space.  This  effect  is  called  the 
variable  grating  mode  (VGM) .  Filtering  and  reconstructing  can  then  yield 
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many  desired  nonlinear  transformations  of  the  image  without  the  need  for 
specially  constructed  halftone  masks.  An  additional  parameter,  the  intensity, 
is  made  available  for  processing  in  this  scheme.  Using  this  technique,  we 
have  demonstrated  the  analog  operation  of  level  slicing,  or  iso intensity  con¬ 
touring,  of  a  continuous-tone  image.  Furthermore,  recognizing  that  digital 
logical  operations  are  merely  a  special  case  of  nonlinear  operations,  we 
have  demonstrated  a  unique,  highly  advantageous  optical  computing  scheme 
using  this  technique.  The  VGM  device  itself  is  still  in  an  early  stage  of 
development,  and  much  effort  is  still  needed  to  develop  it  into  a  practical, 
reliable  optical  spatial  light  modulator. 

The  third  method  investigated  to  achieve  nonlinear  transformations  also 
utilizes  an  LCLV.  In  this  approach,  a  pure  birefringence  light  valve  and 
incoherent  light  are  used  to  produce  a  unique  analog-to-digital  (A/D)  con¬ 
verter  with  high  throughput.  This  is  a  special  case  of  the  general  technique 
we  investigated  to  exploit  certain  inherent  nonlinearities  of  LCLVs. 

The  work  performed  in  this  period,  in  cooperation  with  the  USC  group, 
has  resulted  in  several  technical  publications.  In  this  report,  we  include 
these  papers  at  selected  intervals  in  the  text  to  provide  additional  tech¬ 
nical  detail  for  the  interested  reader,  rather  than  repeating  the  material 
in  appendices.  The  work  is  presented  topically  according  to  the  three 
broad  approaches  outlined  above. 


SECTION  2 
PROGRESS 


A.  HALFTONE  SCREEN  PROCESSING 

This  method  of  generating  nonlinear  functions  replaces  the  photographic 
film,  previously  employed  by  Dashiell  and  Sawchuk  at  USC,  with  a  standard 
Hughes  liquid  crystal  light  valve  operating  in  the  Hybrid  Field  Effect  Mode 
in  order  to  achieve  real-time  operation. 

In  this  section  we  first  describe  the  structure,  operating  principles, 
and  some  operating  characteristics  of  the  standard  liquid  crystal  light  valve 
(LCLV).  The  structure  of  the  present  photoactivated  LCLV  is  shown  schemati¬ 
cally  in  Figure  1.  It  includes  a  sputter  deposited  CdS  photoconductor,  a 
CdTe  semiconductor  light  blocking  layer,  a  multilayer  dielectric  mirror,  and 
a  field-effect  liquid  crystal  layer.  All  of  these  are  between  indium-tin 
oxide  transparent  electrodes  that  have  been  deposited  on  glass  substrates. 

A  low-voltage  (6  to  10  V  )  ac  drive  voltage  is  impressed  across  the  elec- 

rms 

trodes.  Thin-films  of  quartz  (Si02>  are  deposited  on  either  side  of  the 
liquid  crystal  layer  to  protect  the  liquid  crystal  from  electrochemical 
degradation. 

The  device  operating  principle  is  straightforward.  The  thin-film 
structure  is  designed  to  accept  most  of  the  drive  voltage  when  the  photo¬ 
conductor  is  not  illuminated;  the  portion  of  the  voltage  that  falls  across 
the  liquid  crystal  is  below  the  activation  threshold  of  the  liquid  crystal 
electro-optic  effect.  When  light  falls  on  the  photoconductor,  the  photo¬ 
conductor's  impedance  drops,  thereby  switching  the  voltage  from  the  photo¬ 
conductor  onto  the  liquid  crystal  and  driving  the  liquid  crystal  into  its 
activated  state.  Thus,  the  photoconductor  acts  as  a  light-activated  voltage 
gate.  The  high  lateral  impedance  of  the  thin-films  causes  very  little  spread¬ 
ing  of  the  light  or  of  its  concommitant  liquid-crystal  electro-optic  effect. 

As  a  result,  the  light  activation  process  is  a  high-resolution  process,  and 
the  device  can  accept  photographic  quality  images  for  transfer  to  a  coherent 
beam  of  light. 
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The  Hybrid  Field-Effect  Liquid  Crystal  Electro-Optic  Effect 


The  biphenyl  nematic  liquid  crystals  have  positive  dielectric  anisotropy 
and  are  operated  in  the  field-effect  mode.  The  device  combines  the  twisted 
nematic  effect  (to  create  the  black  off-state)  with  the  optical  bire¬ 
fringence  effect  (to  control  the  transmission  of  the  coherent  read-out 
light  in  the  on-state).  Hence,  it  is  called  the  "hybrid  field-effect  light 
valve." 

The  Hybrid  Field-Effect  Mode 

The  twisted  nematic  configuration  used  is  not  the  90°  twist  generally 
used.  Because  the  device  operates  in  the  reflection  mode,  it  is  impractical 
to  put  the  polarizer  between  the  dielectric  mirror  and  the  liquid  crystal. 
Therefore,  the  polarizer  and  the  analyzer  were  both  placed  on  the  same  side 
of  the  liquid-crystal  layer.  With  this  arrangement,  the  90°  twisted  nematic 
effect  does  not  modulate  the  intensity  of  the  light  beam  effectively  (see 
below).  As  a  result,  we  have  developed  a  hybrid  field-effect  operating  mode 
which  uses  the  45°  twisted  nematic  effect  in  the  off-state  and  the  pure 
optical  birefringence  effect  of  the  liquid  crystal  in  the  on-state. 

To  implement  this  approach,  we  fabricated  the  liquid  crystal  layer  with 
the  liquid  crystal  molecules  at  the  electrodes  aligned  with  their  long  axes 
parallel  to  the  electrode  surfaces,  but  with  a  45°  angle  between  the  pre¬ 
ferred  alignment  directions  on  the  two  electrodes.  As  a  result,  molecules 
across  the  thickness  of  the  liquid  crystal  layer  rotate  through  this  45°  angle 
in  traversing  the  space  between  the  electrodes.  This  twist  of  the  molecular 
alignment  and  the  intrinsic  optical  birefringence  of  the  liquid  crystal  cause 
the  polarization  direction  of  linearly  polarized  incident  light  to  rotate 
exactly  through  the  twist  angle. 

Operation  in  the  Hybrid  Field-Effect  Mode 

As  shown  schematically  in  Figure  2(a),  we  placed  a  crossed  polarizer/ 
analyzer  pair  between  the  light  valve  and  the  read-out  light  source.  The 
polarizer  was  placed  in  the  incident  beam  with  its  polarization  direction 


oriented  so  that  the  polarization  direction  of  the  incident  light  is  parallel 
to  the  direction  of  liquid  crystal  alignment  of  the  entrance  electrode.  The 
analyzer  was  placed  in  the  reflected  beam  and  oriented  at  90°,  with  respect 
to  the  polarizer.  This  provides  a  dark  off-state,  since  after  its  first  pass 
through  the  liquid  crystal  layer  the  polarization  direction  of  the  linearly 
polarized  incident  light  is  rotated  through  45°.  But  upon  reflection  from 
the  dielectric  mirror,  the  light  passes  a  second  time  through  the  liquid 
crystal,  and  its  polarization  is  rotated  back  to  the  direction  of  the  inci¬ 
dent  light  where  it  is  blocked  by  the  crossed  analyzer.  Thus,  the  off-state 
of  the  device  is  determined  entirely  by  the  twisted  nematic  effect. 

If  we  apply  voltage  and  rotate  the  molecules  completely  to  the  perpen¬ 
dicular  alignment  (molecules  perpendicular  to  the  electrode  surfaces) ,  the 
polarization  of  the  read-out  light  is  unaffected  by  the  liquid  crystal  and 
we  have  a  dark  on-state  as  well.  But  between  the  off-state  and  the  full 
on-state  there  exists  a  voltage  regime  where  the  device  will  transmit  light 
due  purely  to  the  birefringence  of  the  liquid  crystal.  As  voltage  is  applied 
to  the  liquid  crystal,  the  molecules  begin  to  tilt  toward  the  perpendicular 
alignment  (see  Figure  2(b)).  In  this  orientation  of  the  molecules  (between) 
parallel  and  perpendicular)  the  optical  birefringence  of  the  molecules  will 
affect  the  polarization  of  the  light.  Since  the  light  that  emerges  from  the 
device  after  reflection  from  the  mirror  at  these  intermediate  voltages  is  no 
longer  linearly  polarized,  transmission  occurs.  To  maximize  this  transmis¬ 
sion,  we  use  a  twist  angle  of  45°  rather  than  the  conventional  90°  twist. 

This  is  done  because  the  effect  of  the  voltage  in  the  on-state  of  the  device 
on  the  twisted  structure  of  the  liquid  crystal  is  to  "snap"  (i.e. ,  break)  the 
twist  spiral.  Half  the  molecules  in  the  layer  adopt  the  preferred  alignment 
direction  associated  with  one  electrode  and  the  other  half  adopt  the  align¬ 
ment  direction  associated  with  the  other  electrode.  As  a  result,  the 
polarization  of  the  light  makes  an  angle  of  45°  with  respect  to  the  molecules 
in  the  second  half  of  the  cell.  This  orientation  maximizes  the  net  bire¬ 
fringence  effect  of  the  light  valve.  At  voltages  less  than  that  required  to 
snap  the  twist  of  the  liquid  crystal,  the  molecules  tilt  and  thereby  provide 
partial  transmission.  Hence  the  light  valve  is  capable  of  continuous  tone 
image  conversion. 
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Present  Performance  of  the  Hybrid  Field-Effect  Light  Valve 


The  hybrid  field-effect  light  valve,  in  the  present  configuration  and 
at  its  present  level  of  development,  has  the  following  basic  performance 
characteristics: 


Aperture  size: 

Sensitivity  (full  contrast): 
Resolution: 

Contrast: 

Excitation  speed: 

Extinction  speed: 
Reflectivity: 

Optical  quality: 


1  in. 

2 

100  yW/cm  at  525  nm 
60  lines/mm  at  50%  MTF 
>100: 1 
10  msec 
15  msec 

>90%  (>99%  if  required) 
<1  wavelength  at  6328  A 


To  perform  nonlinear  function  transformations  a  hard  clipping,  sharp 
threshold  device  with  a  linear,  almost  vertical  transfer  characteristic 
would  be  ideal.  This  ideal  can  be  approach  to  some  degree  with  a  thicker 
CdS  photoconductor  layer  in  the  LCLV.  We  have  fabricated  such  a  device  and 
have  indicated  the  input/output  characteristics  of  this  thick  CdS  LCLV  in 
Figure  3;  in  particular,  the  "on"  and  "off"  states.  The  200  Hz  curve,  which 
is  somewhat  steeper  than  the  2  kHz  curve,  shows  a  greater  gamma.  Most  impor¬ 
tant  is  the  remarkable  difference  in  overall  shape  of  the  transfer  charac¬ 
teristic.  It  is  known  that  deviations  from  linearity  and  sharp  cutoffs  at 
the  shoulders  and  toes  will  degrade  device  performance.  To  what  degree  and 
in  what  fashion  have  been  studied  in  cooperation  with  USC  by  computer  simula¬ 
tions.  The  detailed  results  may  be  found  in  the  thesis  of  Ahmad  Armand,  USC 
EE  Department,  June  1979. 


Logarithmic  Transformation  and  Homomorphic  Filtering 

With  the  halftone  mask  technique  where  a  custom-designed  screen  is 
used  in  conjunction  with  the  LCLV  to  implement  nonlinear  functions  in  real 
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time,  the  logarithmic  function  was  used  to  transform  multiplicative  images 
into  additive  ones.  These  images  were  then  linearly  optically  filtered. 

A  half-tone  screen  designed  at  USC  (see  the  corresponding  report  under 
Grant  AFOSR-77-3285)  for  matching  the  transfer  characteristics  of  a  well- 
behaved  light  valve  which  showed  little  hysteresis  was  successfully  used  to 
generate  the  logarithmic  function  over  a  dynamic  range  of  two  orders  of 
magnitude  with  an  accuracy  of  ±10%,  or  1-1/2  decades  with  an  accuracy  of  ±5%. 
The  original  transfer  function  and  the  generated  logarithmic  transfer  func¬ 
tion  are  in  the  semi-logarithmic  plots  in  Figure  4.  Experiments  were 
performed  to  demonstrate  a  real-time  application  of  the  logarithmic  trans¬ 
formation  by  converting  a  multiplicative  image  into  an  additive  one.  The 
optical  Fourier  transform  spectrum  of  two  perpendicularly  crossed  (multiplied) , 
coarse,  intensity  gratings,  tilted  at  45°  to  the  horizontal,  is  shown  in  the 
upper  portion  of  Figure  5.  This  was  obtained  by  imaging  the  product  of  the 
grating  transmission  on  the  light  valve  input  in  its  normal  mode  of  opera¬ 
tion.  This  is  the  expected  diffraction  pattern  of  two  crossed  gratings; 
"cross-terms"  are  visible  in  the  corners  of  the  square  in  the  upper  figure. 

The  pattern  is  not  simply  the  sum  of  the  diffraction  patterns  of  the  two 
gratings.  Operating  the  LCLV  with  a  logarithmic  transfer  function  (by 
inserting  the  half-tone  mask  in  series  with  the  LCLV)  transforms  the  multi¬ 
plicative  spectrum  into  an  additive  one.  The  lower  portion  of  Figure  5  shows 
the  result  of  simply  inserting  the  half-tone  screen  mask  in  series  with  the 
input  imaged  on  the  LCLV  (see  Figure  6).  The  photographic  exposure  is  equal 
in  both  the  upper  and  lower  parts  of  Figure  5.  The  0th,  1st,  and  2nd  orders 
indicated  are  diffraction  orders  of  the  fine  periodicity  half-tone  mask.  In 
the  0th  order,  for  which  the  mask  was  designed,  cross  terms  are  absent  from 
the  crossed  grating  diffraction,  which  demonstrates  the  transformation  from 
multiplication  to  addition. 

Further  attempts  at  refining  the  logarithmic  half-tone  screen  based  on 
the  transfer  function  actually  obtained  from  the  first  screen  did  not  yield 
any  significant  improvement.  The  operating  region  was  shifted  toward  the 
low- intensity  knee  of  the  LCLV  characteristic  curve  to  lessen  the  optical 
power  required,  but  no  improvement  in  dynamic  range  or  linearity  was 
achieved. 


16 


OUTPUT  RELATIVE  TRANSMISSION 


1 


Figure  4.  LCLV  transfer  function  and  generated  logarithmic  transfer 
function. 


Oth  1st  2nd 

LOGARITHMIC  (ADDITIVE)  SPECTRUM 

Figure  5.  Crossed  grating  diffraction:  mul¬ 
tiplicative  and  additive. 
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Figure  6.  Experimental  setup  of  coherent  ODP  system. 
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An  experiment  was  performed  that  successfully  demonstrated  the  concept 
of  homomorphic  filtering.  A  bar  pattern  simulating  a  video  raster  scanner 
noise  was  multiplied  with  a  continuous  tone  image.  This  multiplicative  noise 
can  be  seen  as  the  vertical  bars  in  Figure  7(a).  After  taking  the  logarithm, 
the  noise  is  absent,  the  Fourier  spectrum  is  greatly  simplified,  and  the  cross 
terms  are  removed.  Now  the  bar  pattern  can  be  easily  filtered  out  by  the 
standard  techniques  of  linear  optical  filtering  in  Fourier  space.  This 
process  is  called  homomorphic  filtering.  The  resulting  filtered  image  in 
our  example  is  shown  in  Figure  7(b). 

Many  problems  surfaced  regarding  the  standard  LCLV,  which,  of  course, 
had  originally  been  developed  for  use  in  display  applications.  In  its 
intended  applications,  there  was  a  greater  tolerance  for  errors  of  tempera¬ 
ture  sensitivity,  repeatability,  and  uniformity  of  response  than  can  be 
admitted  in  ODP  applications.  Furthermore,  for  nonanalytic  nonlinearities 
with  sharp  jumps,  a  very  sharp  threshold  LCLV  transfer  function  would  be 
needed.  These  LCLV  problems  are  presently  being  addressed  in  separate 
projects,  and  until  they  are  resolved,  no  further  halftone  screen  work  with 
the  LCLV  is  recommended. 

B.  NONLINEAR  PROCESSING  WITH  LCLV  NONLINEARITIES 

As  an  example  of  performing  nonlinear  real-time  optical  processing 
directly  with  the  nonlinearities  of  LCLVs,  we  have  demonstrated  a  parallel 
A/D  converter.  No  halftone  screen  techniques  are  needed  in  this  application. 
The  technique  depends  essentially  on  the  quasi-sinusoidal  transfer  function 
of  a  "pure  biref ringent"  or  "tunable  birefringence"  LCLV.  This  A/D  converter 
does  not  need  coherent  light,  and  no  Fourier  processing  is  done.  The  number 
of  bits  is  limited  by  the  aperiodicity  of  the  transfer  function,  and  until 
special  schemes  are  found  to  rectify  this  characteristic,  further  work  is  not 
recommended  on  this  particular  application.  We  present  below  a  reprint  of  a 
paper  published  in  Optics  Letters  with  additional  technical  details,  following 
a  brief  description  of  the  theory  and  operating  characteristics  of  this 
special  LCLV  employed  in  the  A/D  converter. 
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Tunable  Birefringent  Light  Valve  Operation 

This  mode  of  light  valve  operation  Is  employed  In  the  parallel  A/D 
converter  described  later  In  this  section.  The  Intrinsic  nonlinearity  of  the 
device  Is  used  to  advantage  for  data  processing. 

The  large  anisotropy  of  refractive  index  in  nematic  liquid  crystals  can 
be  utilized  directly  to  make  a  field-effect  device.  The  diagram  in  Figure  8 
illustrates  a  tunable-birefringence  HCLV  in  which  a  nematic  of  negative 
dielectric  anisotropy  is  aligned  with  its  director  essentially  perpendicular 
to  the  electrode  surfaces.  In  the  off-state,  plane-polarized  incident  light 
travels  down  the  optic  axis  of  the  liquid  crystal,  is  reflected  back,  and  is 
absorbed  by  a  crossed  polarizer  (analyzer) .  When  a  field  above  a  critical 
threshold  voltage  (typically  3  to  10  V)  is  applied,  the  liquid  crystal  begins 
to  turn  away  from  the  direction  of  the  applied  field,  and  then  it  no  longer 
appears  isotropic  to  the  normal  incident  light.  The  liquid  crystal  film 
shows  a  birefringence  effect  that  increases  with  the  applied  voltage.  This 
introduces  a  large  phase  retardation  so  that  a  given  wavelength  of  light 
passes  through  the  analyzer  in  a  series  of  maxima  and  minima  as  the  voltage 
is  increased. 

Generally,  the  transmission  of  a  birefringent  (An)  layer  between  cross 
polarizers  is  expressed  as 


.2  2  7T dAn  sin 

sin  2$  sin  - - - 


where  9  is  the  angle  between  the  liquid-crystal  optical  axis  and  the  incident 
light,  <j>  is  the  angle  between  the  input  polarization  and  the  direction  of 
the  tilt  of  the  liquid-crystal  optical  axis,  and  d  is  the  cell  thickness. 

This  optical  effect  that  the  liquid  crystal  has  on  the  light  beam  has  been 
treated  as  a  function  of  the  orientation  of  the  liquid-crystal  molecules. 
However,  if  the  liquid  crystal  has  a  positive  dielectric  anisotropy  (the 
dielectric  dipole  moment  is  parallel  to  the  optical  axis) ,  a  voltage  above  a 
certain  value  will  tilt  the  liquid-crystal  molecules.  This  corresponds  to  a 
change  in  the  angle  9  (in  the  above  case,  from  90°  to  lower  values),  which 
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Figure  8.  Diagram  of  a  tunable-birefringence  field-effect 
cell  (P  -  polarizer,  A  ■  analyzer,  TE  »  transpar 
ent  electrode,  M  *  mirror,  LC  ■  liquid  crystal). 


means  a  change  in  Che  optical  retardation  and  thus  a  change  in  the 
transmission.  In  general,  the  optical  transmission  is  a  multiple  peaked 
function  of  the  applied  voltage.  This  is  shown  in  Figure  9  for  the  trans¬ 
mission  of  three  different  wavelengths  in  a  test  cell  containing  a  Schiff 
base  nematic  mixture  of  N- (p-methoxybenzylidene)-p-butylaniline.  The  dif¬ 
ferent  colors,  although  not  separated  in  their  first  transmission  peak  above 
threshold,  become  better  separated  at  higher  voltages.  As  a  result,  with 

incident  white  light,  the  viewer  sees  no  light  below  V  ,  at  first.  Then, 

th 

gray,  white,  and  a  sequential  series  of  Newton  colors  appear  as  the  cell 
voltage  increases.  The  optimum  transmission  effects  are  obtained  when  the 
liquid-crystal  director  is  realigned  uniformly  by  the  field  with  its  p  angle 
at  45°  with  respect  to  the  incident  polarized  light.  This  can  be  accom¬ 
plished  by  introducing  a  slight  pre-tilt  of  the  liquid  crystal  in  that  direc¬ 
tion  in  the  off-state.  The  more  monochromatic  the  light,  the  better  defined 
the  modulation  of  transmission  will  be. 
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A  technique  for  optically  performing  parallel  analog-to-digital  conversion  on  incoherent  two-dimensional  inputs 
at  real-time  rates  is  described.  The  system  uses  a  birefringent  optical  real-time  input  transducer  combined  with 
a  detector  array  and  optical  thresholding.  Quantization  and  bit  plane  outputs  are  produced  in  parallel  without 
scanning.  An  experimental  system  with  three-bit  accuracy  is  described. 


The  process  of  analog-to-digital  (A/D)  conversion  is 
the  representation  of  continuous  analog  information  in 
sampled  and  quantized  form.  For  one-dimensional 
signals,  any  coding  procedure  that  assigns  to  each  signal 
value  a  group  of  digits  ( bits)  performs  such  an  operation. 
For  digital  processing  of  multidimensional  signals  and 
images,  the  sampling,  quantization,  and  digitization 
must  be  performed  on  an  array  of  data.  We  describe 
here  a  technique  of  real-time  incoherent  nonlinear  op¬ 
tical  processing  that  performs  two-dimensional  A/D 
conversion  of  images  or  other  page-organized  data  in 
parallel  without  the  need  for  scanning.  The  method 
relies  on  the  nonlinear  characteristics  of  real-time  op¬ 
tical  input  devices,  such  as  the  Hughes  liquid -crystal 
light  valve  (LCLV)‘~*  or  the  Itek  Pockets  readout  op¬ 
tical  modulator  (PROM).5 

Optical  A/D  conversion  has  been  achieved  for  sin¬ 
gle-point  inputs  by  electro-optical  methods6  in  real 
time.  Other  techniques  of  nonlinear  optical  processing 
have  performed  A/D  conversions  by  halftoning  meth¬ 
ods,  although  not  in  real  time.7-10 

The  LCLV,  PROM,  and  many  other  real-time  optical 
input  transducers  rely  on  electro-optically  controlled 
birefringence  to  produce  a  spatially  varying  linear  dif¬ 
ferential  phase  retardation  along  two  axes  of  a  crystal. 
For  this  work  a  LCLV  has  been  constructed  with  uni¬ 
form  perpendicular  alignment  of  the  liquid-crystal 
material  so  the  device  exhibits  a  pure  birefringent  effect 
that  varies  with  local  electric  field.  When  the  LCLV 
is  placed  between  crossed  polarizers,  a  sinusoidal  vari¬ 
ation  of  intensity  transmittance  with  applied  voltage 
is  observed.3'5  When  a  photoconductor  is  placed  at  the 
surface  of  the  liquid-crystal  cell,  the  local  electric  field 
is  a  function  of  the  incident  illumination. 1>2  The  overall 
relationship  between  the  intensity  transmittance  of  the 
device  and  the  incident  intensity  at  any  point  is  given 
ideally  by  the  sinusoidal  curve  shown  with  dashes  in  Fig. 
1(a). 

The  digital  results  of  A/D  conversion  at  each  image 
point  may  be  output  serially  as  a  bit  sequence  or  in 
parallel  as  bit  planes.11  Bit  planes  are  binary  image 
planes,  each  of  which  displays  the  information  of  a 


particular  significant  bit  of  the  digitized  image.  The 
solid-line  curves  of  Fig.  1  show  the  nonlinear  transfer 
characteristic  needed  to  produce  the  bit  planes  of  the 
three-bit  reflected  binary  or  Gray  code  and  their  rela¬ 
tionship  to  the  dashed  curves  of  sinusoidal  device 
characteristics.  When  the  output  of  Fig.  1(a)  is 
threshoided  at  one  half,  a  1  output  is  produced  above 
threshold  and  a  0  output  below,  as  shown  by  the  curves 
with  solid  lines.  This  thresholding  can  be  done  elec¬ 
tronically  following  light  detection  by  a  parallel  array 
of  sensors.  The  threshold  output  in  Fig.  1(a)  is  the  least 
significant  bit  of  the  three-bit  Gray  code.  The  other 
two  bits  are  obtained  by  attenuating  the  input  intensity 
effectively  to  rescale  the  horizontal  axis.  Use  of  the  full 
dynamic  range  (0  to  8)  gives  the.  least  significant  bit. 
Attenuating  the  input  by  a  factor  of  Vj  (to  the  range  0 


INPUT  INTENSITY 
(Cl 


Fig.  1.  Nonlinear  characteristic  curves  required  for  the 
three-bit  Gray  code.  Solid  curves  are  the  desired  character¬ 
istics  for  the  bit  plane  outputs.  Dotted  curves  are  the  ideal 
sinusoidal  responses  of  a  linear  birefringent  device.  Parts  (a) 
through  (c)  represent  increasingly  significant  output  bits. 
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Fig.  2.  System  (or  parallel  A/D  conversion. 


Fig.  3.  Experimental  setup  for  real-time  parallel  analog- 
to-digital  conversion. 


to  4)  gives  the  first  cycle  of  the  characteristic  curve 
shown  in  Fig.  1(b).  The  last  (most  significant)  bit  is 
obtained  by  using  an  attenuation  of  one  fourth  so  the 
curves  of  Fig.  1(c)  result.  Note  that  any  continuous 
input  between  0  and  8  gives  a  unique  quantized  three- 
bit  output.  Although  the  thresholded  outputs  in  Fig. 
I  are  the  three  bits  of  the  Gray  code,  other  A/D  code 
conversions,  such  as  the  usual  straight  binary  code,  can 
be  achieved  by  translating  these  curves  left  or  right 
along  the  horizontal  axis.  This  can  be  done  by  intro¬ 
ducing  phase-retardation  plates  with  different  delays 
along  orthogonal  axes  into  the  crossed  polarizer 
system. 

The  system  can  produce  these  bits  in  parallel  by 
placing  an  array  of  three  periodically  repeated  atten¬ 
uating  strips  over  the  write  surface  of  the  liquid-crystal 
device,  as  shown  schematically  in  Fig.  2.  The  strips 
have  attenuation  factors  of  1,  Hi,  and  lU,  and  the  image 
of  the  strips  is  in  register  with  a  parallel  photodetector 
array  with  electronic  thresholding  in  the  output  plane. 
All  three  hits  are  sensed  in  parallel  in  this  way.  The 
period  of  the  strips  should  be  much  smaller  than  the 
inverse  of  the  maximum  spatial  frequency  of  the  input 
picture  to  avoid  aliasing.  A  two-dimensional  array  of 
attenuating  spots  with  a  corresponding  detector  array 
can  also  be  used  instead  of  the  linear  strip  array. 
Simpler  but  slower  operation  can  be  achieved  by  using 
only  one  detector  array  and  sequentially  uniformly  at¬ 
tenuating  the  entire  input  array  Ideas  such  as  this 
have  been  used  for  electro-optic  A/D  conversion,6  but 
none  have  used  an  optically  controllable  real-time  de¬ 
vice. 

The  experimental  system  shown  in  Fig.  3  was  used  to 
obtain  the  input-output  characteristic  of  the  pure  bi- 
refringent  LCLV  and  to  demonstrate  the  concept.  The 
incoherent  source  illuminating  the  input  plane  is  a 
mercury-arc  lamp.  A  fixed  and  rotatable  polarizer  pair 
in  the  input-light  beam  is  used  to  vary  the  input-light 


intensity.  The  real-time  device  was  a  Hughes  per¬ 
pendicularly  aligned  nematic  LCLV  with  a  CdS  pho- 
toconductor.  The  short-wavelength  cutoff  filter 
eliminates  wavelengths  shorter  than  493  nm  to  make 
sure  that  the  write-beam  wavelength  is  matched  to  the 
sensitivity  range  of  the  CdS  photoconductor.  The  read 
light  source  is  a  xenon-arc  lamp.  Because  of  the  dis¬ 
persion  of  birefringence  in  the  liquid-crystal  material, 
the  read  light  should  have  a  narrow  spectral  bandwidth. 
An  interference  filter  with  a  peak  wavelength  of  434.7 
nm  and  a  bandwidth  of  18.4  nm  was  used  to  meet  this 
requirement  for  the  read  light.  With  no  picture  in  the 
input  plane,  the  output  intensity  varies  in  a  quasi -si¬ 
nusoidal  fashion  with  increasing  input  illumination 
because  of  the  changing  birefringence.  If  the  amount 
of  birefringence  varied  linearly  as  a  function  of  the 
write-beam  intensity,  a  strictly  sinusoidal  variation  of 
the  output  intensity  would  be  expected.  However,  a 
number  of  factors,  including  the  optical  nature  of  the 
liquid  crystal  and  the  photnconductor  characteristic 
properties,  affect  the  output  curve  and  produce  an  ap¬ 
proximately  sinusoidal  output  whose  frequency  varies 
(monotonically)  with  input  intensity.  The  experimental 
response  curve  obtained  is  shown  in  Fig.  4. 

Although  the  theory  behind  the  A/D  conversion  as¬ 
sumes  a  strictly  periodic  response  characteristic,  it  is 
possible  to  produce  the  desired  bit  planes  by  using  the 
quasi-periodic  response  curves  of  the  actual  device. 
The  trade-off  is  that  nonuniform  quantization  results. 
The  quantization  levels  obtained  in  this  experiment  are 
indicated  in  Fig.  4. 

There  are  no  attenuating  strips  on  the  liquid -crystal 
device  used  in  this  experiment.  Instead,  the  bit  planes 
were  generated  serially.  Also,  the  output  was  recorded 
on  hard-clipping  film  rather  than  a  thresholding  de¬ 
tector  array.  A  test  target  was  generated  that  consisted 
of  an  eight-gray  -level  step  tablet.  The  gray  levels  were 
chosen  to  match  the  quantization  levels  shown  in  Fig. 
4.  This  test  object  was  imaged  onto  the  liquid-crystal 
device,  and  the  output  was  photographically  hard 
clipped  to  produce  the  least  significant  bit  plane  of  a 
three-bit  A/D  conversion.  Next  the  write  illumination 
intensity  was  decreased,  effectively  rescaling  the  re¬ 
sponse  curve  of  the  device  to  generate  the  next  bit  plane. 
The  last  bit  plane  (most  significant  bit)  was  obtained 
by  attenuating  the  write  intensity  again  and  photo¬ 
graphing  the  output.  The  input  and  the  three-bit 
planes  generated  are  shown  in  Fig.  5. 


Fig.  4.  Response  curve  of  the  liquid  crystal  device  used  for 
the  three-bit  A/D  conversion.  The  solid  curve  is  the  measured 
response  The  doited  curve  represents  the  same  response 
with  a  fixed  attenuation  ot  the  input. 
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Fig.  5.  Direct  analog-to-digital  conversion.  The  eight-level 
analog  input  is  shown  at  the  top.  Below  is  the  binary-coded 
output  in  the  form  of  three  bit  planes  of  the  Gray  code. 

Although  the  output  contains  some  noise,  the  ex¬ 
periment  illustrates  the  principle  of  real-time  parallel 
incoherent  optical  A/D  conversion.  It  was  found  later 
that  the  computer-generated  gray  scale  was  somewhat 
noisy  because  of  the  grain  of  the  high-contrast  film  used. 
It  is  possible  that  future  experiments  with  cleaner  in¬ 
puts  and  improved  periodic  light  valves  could  produce 
better  experimental  results  and  more  bits  of  quantiza¬ 
tion. 

The  potential  A/D  conversion  rate  can  be  estimated 
from  typical  parameters  of  currently  available  devices. 
The  important  parameters  are  device  resolution  (typi¬ 
cally  40  cycles/mm),  device  size  (typically  50  mm  X  50 
mm),  and  speed  (generally  30  frames  per  second). 
Multiplying  all  these  parameters  together  and  dividing 
by  3  for  the  attenuating  strips  implies  an  A/D  conver¬ 
sion  rate  of  4  X  107  points  per  second.  A  fully  parallel 
system  with  one  light  valve  and  detector  array  for  each 
bit  plane  could  achieve  1.2  X  108  points  per  second. 

The  feasibility  of  real-time  parallel  A/D  conversion 
on  two-dimensional  inputs  has  been  shown  in  this  ex¬ 
periment.  In  contrast  with  other  techniques  of  real¬ 
time  nonlinear  optical  processing,  such  as  halfton¬ 
ing,1214  the  system  operates  with  incoherent  input. 
The  requirements  on  the  spatial  and  temporal  coher¬ 
ence  of  the  readout  illumination  are  sufficiently  relaxed 
that  noise  problems  associated  with  coherent  spatial 
filtering  or  transforming  techniques  are  avoided.  This 
technique  also  minimizes  the  spatial-frequency  re¬ 
quirements  of  the  real-time  device  because  the  sharp 
edges  of  the  binary  dots  in  halftoning  do  not  have  to  be 
maintained. 

Although  these  initial  results  are  encouraging,  further 
application  of  the  technique  must  await  improved 
real-time  devices.  The  aperiodic  nature  of  the  LCLV 
results  in  unequal  quantization  intervals  and  limits  the 
number  of  bits.  The  LCLV  device  used  in  this  experi¬ 
ment  is  inherently  aperiodic  because  of  the  nonlinear 
response  of  the  photoconductor  and  the  nonlinear  re¬ 
lationship  between  applied  voltage  and  effective  bire¬ 


fringence.  By  altering  the  real-time  device  itself,  the 
response  may  be  improved  somewhat.  The  possibility 
of  making  real-time  devices  (with  liquid-crystal  or 
PROM  technologies)  having  a  periodic  response  is  being 
investigated. 
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VARIABLE  GRATING  MODE  LIQUID  CRYSTAL  DEVICE 


During  this  program,  we  pursued  several  tasks  which  aimed  at  improving 
our  understanding  of  the  VGM  effect  and  at  developing  the  VGM  photoactivated 
light  valve  device.  In  the  VGM  effect,  certain  LC  materials  exhibit  a  trans¬ 
parent  phase  grating  whose  local  period  is  proportional  to  the  locally  applied 
voltage.  When  incorporated  into  a  light  valve  sandwich  structure,  along  with 
a  photoconductive  layer,  local  variations  in  the  spatial  distribution  of  the 
light  signal  or  image  intensity  are  converted  into  local  variations  of  the 
grating  period.  In  the  Fourier  transform  plane,  a  novel  additional 
parameter  -  the  intensity  -  is  coded  into  the  spatial  frequency  distribution 
in  a  way  that  allows  greater  freedom  to  perform  nonlinear  optical  data  and 
image  processing  and  to  perform  optical  computations  as  well  by  simple 
spatial  filtering  and  re-synthesis.  We  have  examined  many  aspects  of  the 
device,  including  the  LC  system  itself,  the  photo-conductive  and  electrical 
properties  of  the  light  valve,  a  new  LC  alignment  scheme,  and  the  detailed 
optical  polarization  properties  of  the  VGM  diffraction  patterns.  Furthermore, 
we  have  demonstrated  several  applications  of  the  VGM  device  as  well,  both  in 
analog  nonlinear  processing  and  in  optical  digital  computation. 

1 .  Device  Physics  and  Chemistry 

This  section  describes  the  main  results  on  device  physics  and  chemistry. 
The  published  paper  "Variable  Grating  Mode  Liquid  Crystal  Device  for  Optical 
Processing"  given  at  the  SPIE  LA  Technical  Symposium,  February  1980,  is 
included  here  and  contains  a  concise  summary  and  exposition  of  the  basic 
properties  of  the  VGM  effect  and  device. 
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In  the  variable  grating  mode  (VGM1  operation  of  a  liquid  crystal  device ,  a  phase  grating 
is  formed  whose  period  depends  upon  the  voltage  placed  across  the  cell .  Typical  spatial 
frequency  variation  is  from  100  to  600  cycles/mm.  By  adding  a  photoconductive  layer  to  the 
.*<  1 1 ,  the  grating  period  can  be  optically  controlled.  Thus  each  input  intensity  level  in  an 
o:  lical  signal  Dili  generate  a  local  grating  structure  at  a  different  spatial  frequency.  If 
the  VGM  device  is  placed  in  the  input  plane  of  a  coherent  optical  processor ,  each  point  in 
the  Courier  transform  domain  Hill  correspond  to  a  different  grating  frequency ,  and  thus  to  a 
diff  rent  injut  signal  level.  By  varying  the  attenuation  at  each  point  in  the  Fourier  plane , 
arij  icsired  transformation  of  input  intensity  to  output  intensity  can  be  achieved.  In  par¬ 
ticular  ,  level  slicing  can  be  achieved  by  placing  a  slit  in  the  filter  plane  so  that  only  a 
narrow  range  of  spatial  frequencies  is  transmitted  and  thus  a  narrow  range  of  input  inten¬ 
sities  is  passed.  Several  experimental  VGM  real-time  devices  have  been  constructed  and  the 
results  of  a  level  slicing  experiment  are  presented.  This  device  has  the  potential  tcperform 
a  wide  variety  of  real-time,  parallel,  optical  processes . 


We  are  investigating  the  feasibility  of  using  the  variable  grating  effect  for  nonlinear 
optical  data  processing.  Separately  the  possible  mechanisms  responsible  for  the  VGM  are 
being  investigated.  Liquid  crystals  exhibit  domain  structures;  these  are  particularly  evi¬ 
dent  when  the  liquid  crystal  is  in  the  form  of  a  thin  film  or  when  it  is  sandwiched  between 
planar  electrodes.  Domain  structure,  which  manifests  itself  by  periodic  reorientation  of 
the  optical  axis  of  the  liquid  crystal,  may  be  seen  when  no  external  electric  or  magnetic 
fields  are  applied  or  when  electrohydrodynamic  or  magnetohydrodynamic  instabilities  are 
induced  by  a  field.  In  particular,  a  nematic-phase  liquid  crystal,  sandwiched  between 
electrodes  spaced  12  urn  or  less  and  with  a  static  electric  field  normal  to  the  electrodes, 
exhibit  domains  that  appear  as  parallel  structures.  These  domains  extend  along  the  direc¬ 
tion  of  quiescent  state  alignment  of  the  liquid  crystal  on  the  electrode  surface,  this 
alignment  having  been  induced  by  rubbing  or  other  appropriate  methods.  These  domains  have 
the  unique  property  that  they  can  act  as  phase  diffraction  gratings,  the  grating  constant 
being  a  function  of  the  applied  voltage. 

Cells  were  fabricated  from  plane  electrodes  that  had  been  coated  with  IT0  to  provide  a 
conductive  surface.  Mylar  spacers  were  used,  and  cell  parallelism  was  determined  on  an 
interferometer  to  be  within  one-half  a  fringe.  Observations  on  domains  were  done  with  a 
polarizing  microscope.  A  phase  contrast  microscope  was  also  used,  but  produced  no  obser¬ 
vably  different  results.  Alignment  on  the  surface  was  induced  by  rubbing  or  with  an  ion 
bombardment  etch-alignment  method. 

12  3 

VGM  domains  have  previously  been  observed  in  planar  cells.  '  '  We  also  observed  these, 
but,  contrary  to  the  previous  reports  in  the  literature,  we  found  the  cell-spacing  limit  to 
be  12  rather  than  6  urn.  Also  contrary  to  these  reports,  the  domains  for  static  fields 
always  are  parallel  to  the  quiescent-state  alignment  on  the  electrode  surface.  For  alter¬ 
nating  fields,  the  domains  (commonly  known  as  Williams  domains)  are  perpendicular  to  the 
quiescent  state  alignment. 

For  alternating  fields  of  10  Hz  or  higher,  the  cells  always  showed  Williams-type  domains. 
These  domains  exist  in  a  narrow  range  above  the  threshold  voltage  because,  as  the  voltage 
is  raised,  increased  flow  within  the  cell,  by  causing  turbulence,  causes  scattering  to  occur. 
This,  and  the  very  small  variation  in  the  spacing  of  domains,  limits  the  utility  of  this 
mode  in  any  practical  device. 

For  frequencies  below  10  Hz,  a  mixed-mode  behavior  is  observed,  with  VGM-  and  Williams- 
type  domains  a -pearing  alternately.  The  cells  also  exhibit  severe  scattering  during  the 
appearance  of  the  Williams  domains,  especially  as  the  frequency  is  raised. 

For  static  fields,  there  is  a  large  linear  variation  in  domain  spacing  as  a  function  of 
voltage.  For  the  izoxy  compound  Merck  NV  in  a  6.3-um  cell,  for  example,  the  slope  is 
'8  lines/mm-v.  For  high-resistivity  samples  { 1 0 1 0  w/cm) ,  little  or  no  dynamic  scattering 
occurred  even  for  voltages  as  high  as  five  times  the  threshold.  Figure  1  shows  a  series 
of  views  of  a  VGM  cell  taken  through  a  polarizing  microscope.  The  predominant  apparent 
effect  is  a  decrease  in  the  period  of  the  phase  grating  as  voltage  increases.  Some  of  the 
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Figure  1.  VGM  viewed  through  polarizing  microscope. 

typical  imperfections  in  the  VGM  device  can  also  be  noted  in  the  photographs.  There  are 
places  where  two  or  more  domains  merge  through  arcs  that,  although  small  and  not  numerous, 
have  the  noticeable  effect  of  degrading  the  diffraction  patterns  by  smearing  and  arcing  the 
points  in  Fourier  space.  The  remedy  for  this  is  not  yet  known.  Furthermore,  inconsistency 
in  the  grating  alignment  within  each  picture  and  from  picture  to  picture  may  be  noted. 

The  diffraction  patterns  obtained  from  a  typical  VGM  cell  are  shown  in  Figure  2.  The 
light  beam  was  not  well  collimated  in  these  pictures,  as  can  be  noted  from  the  size  of  the 
zero-order  spot,  but  the  pictures  serve  to  demonstrate  the  general  features  of  the  diffrac¬ 
tion,  including  the  development  of  circular  arcs  in  the  higher  voltage  examples. 


20V 


40V 


Figure  2.  Diffraction  patterns  of  a  VGM  cell. 
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The  diffraction  efficiency  of  the  VGM  cells  is  >25%  in  1st  order.  The  relative  strengths 
of  the  orders  show  that  the  optical  phase  does  not  vary  simply  sinusoidally  across  the  grat¬ 
ing.  Interesting  polarization  effects  are  sometimes  noted  where  all  the  odd  orders  and  even 
orders  behave  differently  with  variation  of  the  polarization  of  the  light. 

Preliminary  work  has  been  done  on  the  response  time.  For  azoxies,  when  switched  on  to  a 
voltage  above  threshold,  Williams-type  domains  appear  first,  accompanied  by  some  scattering. 
These  domains  then  decay  into  the  VGM-type  domains  by  twisting  through  90°  from  their  origi¬ 
nal  direction.  The  process  requires  3  to  4  sec.  For  esters,  the  times  were  as  great  as 
15  sec.  Decay  time  appears  to  vary  with  cell  thickness. 

The  quality  of  the  domains  (e.g.,  their  parallelism  and  the  direction  along  which  they 
extend)  appears  to  depend  on  surface  treatment.  Thus,  when  the  ITO  film  is  coated  with  SiC>2 
deposited  at  a  medium  angle,  the  domains  are  no  longer  parallel  but  are  randomly  curled  in  a 
plane  parallel  to  the  electrode  surface.  The  grating  lines  in  the  VGM  lie  parallel  to  the 
liquid-crystal  director.  The  orientation  of  the  liquid-crystal  director  is  enforced  only 
by  the  preparation  of  the  surfaces  of  the  electrodes.  Although  rubbing  has  proven  to  be 
satisfactory  for  test  cells,  a  much  more  uniform  homogeneous  alignment  can  be  obtained  by 
ion-beam  etching  certain  types  of  surfaces.  Figure  3  shows  the  best  quality  of  domains  yet 
obtained. 

We  have  studied  the  liquid-crystal  param¬ 
eters  relating  to  VGM  operation  to  find  the 
most  suitable  liquid-crystal  mixture  for  this 
application.  Eleven  different  LCs  have  been 
tested  and  compared  so  far. 

The  VGM  effect  in  nematic-phase  LCs  of 
negative  dielectric  anisotropy  has  been  demon¬ 
strated  with  azoxy  mixtures,  such  as  Merck 
NP  V.l'3,4  These  yellow-colored  eutectic  mix¬ 
tures  from  aromatic  azoxy  compounds  absorb 
light  in  the  UV  and  visible  (below  420  nm) 
region  of  the  spectrum,  and  they  can  undergo 
photodecomposition  during  long  illumination. 

Other  classes  of  LCs,  such  as  phenyl  benzoates, 
are  stable  to  visible  light  with  an  absorp¬ 
tion  edge  below  330  nm.  Eutectic  mixtures 
of  these  aromatic  esters  with  varying  average  Figure  3.  Domains  in  an  etched  cell, 

molecular  lengths  were  studied  for  VGM  under  Magnification  100  times, 

another  AFOSR  program  (79M-0553/D7283-3) . 

These  same  highly  purified  phenyl  benzoate  mixtures  without  dopants  were  tested  for  VGM 
operation  and  their  response  correlated  with  their  average  chain  length,  viscosity,  aniso¬ 
tropy,  index  of  refraction,  and  resistivity. 

A  cell  was  fabricated  from  iTO-coated,  0. 5-in. -thick  optical  flats  and  a  6-p.m  Mylar  spacer 
sandwiching  the  LC.  The  effect  of  dc  voltage  was  observed  with  a  polarizing  microscope  at 
258x  magnification  for  each  LC  mixture.  The  domain  width  d  is  inversely  proportional  to 
applied  voltage  according  to: 

d  =  o/V 

where  a  is  a  constant  that  is  dependent  on  the  particular  LC  mixture.  This  relationship  is 
best  shown  in  Figure  4,  where  dc  voltage  versus  grating  period  1/d  for  each  eutectic  is  a 
straight  line  with  a  slope  of  o”l.  The  period  of  domain  structure  depends  mainly  on  the 
sample  thickness  f,  and  less  on  other  parameters  according  to^ 

d  =  0.8(p/Pki:L)1/4  1  , 


where 


P  =  density  of  LC 
kj^  =  elastic  constant  for  splay 
P  =  viscosity  coefficient. 
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Figure  4.  VGM  voltage  dependence  for  various  LCs. 

Some  of  these  parameters  suggest  that,  for  the  best  VGM  response  (i.e.,  maximum  grating 
period/volt) s 

•  Average  molecular  length  should  be  minimum 

•  Conductivity  anisotropy  should  be  high 

•  Large  An  is  preferred  ..  .. 

•  Range  of  LC  resistivity  2  x  10iu  to  1  x  10AA  ncm 

•  Not  dependent  on  viscosity 

Research  was  performed  on  the  photoconductive  layer  for  the  VGM  photoactive  cell. 

The  structure  of  the  present  photoactivated  device  is  shown  schematically  in  Figure  5. 
It  includes  a  sputter-deposited  ZnS  photoconductor,  and  a  liquid-crystal  layer.  These  are 
between  indium-tin  oxide  (ITO) ,  transparent  electrodes  that  have  been  deposited  on  glass 
substrates.  A  low-voltage  dc  drive  voltage  is  impressed  across  the  electrodes. 

The  operating  principle  of  the  device  is 
straightforward.  The  thin-film  structure  is 
designed  to  accept  most  of  the  drive  voltage 
when  the  photoconductor  is  not  illuminated; 
the  portion  of  the  voltage  that  falls  across 
the  liquid  crystal  is  below  the  activation 
threshold  of  the  liquid-crystal  VGM  effect. 

When  light  falls  on  the  photoconductor,  the 
photoconductor's  impedance  drops,  thereby 
switching  the  voltage  from  the  photoconductor 
onto  the  liquid  crystal  and  driving  the  liquid 
crystal  into  its  activated  state.  Thus,  the 
photoconductor  acts  as  a  light-activated 
voltage  gate.  The  high  lateral  impedance  of 
the  thin  films  causes  there  to  be  very  little 
spreading  of  the  light  or  of  the  associated 
liquid-crystal  electrooptic  effect.  As  a 
result,  the  light-activation  process  is  a 
high-resolution  process,  and  the  device  can 
accept  photographic-quality  images. 
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Figure  5.  Schematic  VGM  cell. 
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The  VGM  phenomenon  is  a  do  electrohydrodynamic  instability  effect  occuring  in  high- 
resistivity  (p  >1010  ncm) ,  pure  liquid-crystal  compositions.  They  require  high- impedance 
photoconductor  layers.  Zinc  sulfide  photoconductor  has  been  selected  for  the  best  impedance 
match  with  the  LC.  Unfortunately,  its  photosensitivity  is  in  the  blue  and  uv  region  of  the 
spectrum,  where  the  LC  molecules  are  sensitive  to  photodecomposition. 

The  ZnS  layer  is  deposited  on  conductive  ITO  electrodes  by  evaporation,  or  ion-beam- 
sputtering  methods.  With  the  evaporation  technique,  we  produced  photoconductors  of  1.5  to 
5  nm  thickness,  while  the  sputtered  films  were  only  5,000  A  thick,  highly  transparent  smooth 
surface  layers.  The  evaporated  1.5  to  5  pm  ZnS  photoconductors  had  a  hazy,  rough  surface 
appearance  causing  difficulties  in  LC  alignment  parallel  to  the  electrodes.  It  has  been 
reported  that  vaporized  ZnS  causes  homeotropic  or  tilted  homeotropic  orientation  of  the  LC 
material. 6  Mechanical  polishing  of  the  evaporated  photoconductors  increased  their  trans¬ 
parency  and  surface  uniformity,  while  polymer  (PVA)  coating  the  top  of  these  ZnS  layers, 
supplemented  by  additional  surface  treatment,  resulted  in  good  parallel  alignment.  Photo¬ 
sensitive  devices  were  fabricated  from  the  vapor-deposited  and  sputtered  ZnS  using  ITO 
counter  electrodes  and  6-pra  spacers.  The  photoconductors  were  evaluated  and  compared  by 
measuring  the  dark  current  and  switching  ratios  of  the  VGM  devices.  The  photo junctions 
sometimes  observed  can  help  to  increase  the  effective  switching  ratio  of  current  with  and 
without  illumination.  In  Figure  6,  the  behavior  of  one  such  junction  is  plotted.  It  resem¬ 
bles  the  behavior  of  two  photo junctions  back  to  back.  At  a  certain  bias,  this  cell  crossed 
over  through  zero  switching  ratio  (for  the  illuminations  shown)  and  reversed  to  a  negative 
ratio!  A  layer-by-layer  study  of  the  elements  of  the  cells  is  being  done  to  determine  the 
nature  of  these  junctions.  From  the  results,  for  devices  with  switching  ratios  above  6, 
the  dark  current  has  to  be  less  than  6  x  10-9  A-inT2,  and  this  low  dark  current  is  obtained 
with  sputtered  as  well  as  evaporated  ZnS. 


Figure  6.  Junction  effect  in  VGM  cell. 

VGM  cells  were  studied  with  respect  to  edge  effects  on  resolution  and  possible  "spillover’ 
of  domains  into  adjacent  unactivated  areas.  Electrodes  were  specially  prepared  by  removing 
sections  of  the  conductive  coating  by  etching.  A  parallel  plate  cell  was  constructed  such 
that  there  were  conductive  areas  facing  each  other,  either  with  conductive  edges  aligned  or 
with  a  maximum  overlap  of  150  ^m  of  a  conductive  electrode  over  the  nonconducting  area.  Cell 
spacing  was  6.3  (im,  and  the  material  was  Merck  NV.  For  alignment  parallel  to  the  edge  when 
operating  close  to  the  threshold  voltage,  domains  were  parallel  to  the  edge  and  within  the 
active  area.  For  higher  voltages,  there  was  fringe  spillover  by  not  more  than  one  fringe 
spacing.  For  alignment  perpendicular  to  the  edge,  domains  appear  to  either  terminate  at  the 
edge  or  to  join  with  an  adjacent  domain.  The  quality  of  the  edge  behavior  is  shown  in 
Figure  7. 

The  results  indicate  that  a  VGM  light  valve  is  a  viable  device  requiring  dc  operation. 
Studies  of  the  edge  effects  indicate  that  implementation  of  the  VGM  in  an  image-processing 
device  should  ultimately  produce  excellent  resolution. 
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From  the  preliminary  photosensitive  devices 
fabricated  using  a  ZnS  photoconductor  layer  to 
achieve  the  high  impedance  needed,  one  cell 
was  selected  that  aligned  well  and  did  not 
suffer  the  usual  rapid  deterioration  seen  in 
dc  operation.  This  deterioration  supposedly 
results  from  poisoning  the  LC  by  the  diffusion 
of  ions  from  the  photoconductor.  The  cell  was 
biased  negatively  on  the  photoconductor.  This 
cell  was  protected  as  much  as  possible  from 
short  wavelength  illumination  although  this 
was  not  entirely  possible  since  ZnS  requires 
blue  to  long  UV  for  photoexcitation.  This 
particular  cell  was  constructed  of  a  5-|jn- 
thick  evaporated  ZnS  layer  that  had  been 
polished  and  then  rubbed  with  surfactant  poly¬ 
vinyl  alcohol.  The  6-|im-thick  LC  layer  was 
made  of  Hughes  2N40  ester.  The  counter  elec¬ 
trode  was  an  ITO  transparent  layer  treated  with 
the  same  surfactant.  The  series  impedance  was 

measured  to  be  ~3  x  10®  ii.  with  160  V  applied  and  with  the  maximum  available  illumination 
at  7.3  mW/cm^  in  the  passband  410  to  550  nm,  the  periodicity  of  the  VGM  was  calculated  from 
the  diffraction  to  be  588  lines/mm.  The  device  threshold  at  this  illumination  was  21  V, 
corresponding  to  a  grating  periodicity  of  103  lines/mm.  The  optical  threshold  at  160  V  is 
~50  iiW/cm^,  and  the  device  appears  saturated  at  7.5  mW/cm^.  Saturation  behavior  remains  to 
be  studied.  With  an  image  on  the  photoconductor  surface  of  the  device,  a  mapping  into  local 
intensity  dependent  periodicities  is  produced  in  the  LC  layer. 


Figure  7. 
an  edge. 


Behavior  of  domains  near 
Magnification  100  times. 


Intensities  can  be  mapped,  within  the  dynamic  range  of  the  device,  monotonically  into 
positions  along  a  line  in  Fourier  space  by  an  optical  transform.  Departures  from  the  line 
may  be  caused  by  imperfections  in  the  alignment  of  the  induced  grating  direction.  The 
spatial  positional  information  is  coded  into  phase  and  sidebands  in  two  dimensional  Fourier 
space.  A  new  parameter,  the  intensity,  has  thus  been  coded  into  Fourier  space.  Since  the 
periods  of  the  VGM  are  much  finer  than  the  periods  encountered  in  the  images  to  be  processed, 
we  are  in  a  tractable  situation,  familiar  in  communications,  where  the  carrier  frequency  is 
higher  than  the  modulation  frequencies.  Optical  filtering  should  produce  a  variety  of  linear 
and  nonlinear  image  transformations.  One  such  transform,  isophote  contouring  (or  level  slic¬ 
ing)  is  described  below. 


For  a  first  example  of  the  use  of  the  VGM  device,  we  have  successfully  demonstrated  level 
slicing  of  a  continuous-tone  image  using  simple  Fourier  filtering.  Small  circular  annuli 
of  varying  radii  were  used  to  select  particular  intensities  or  level  slices.  Figure  8  shows 
a  series  of  such  slices.  Figure  8(a)  shows  a  positive  print  of  the  original  image  as  photo¬ 
graphed  on  the  imaging  screen.  The  negative  was  used  in  the  experiments.  Figure  8(b)  shows 
a  low- intensity  level  slice  corresponding  to  a  VGM  periodicity  of  120  lines/mm  with  -3%  band¬ 
width.  In  Figure  8(c),  another  level,  corresponding  to  153  lines/mm,  is  shown.  Figure  8(d), 
at  236  lines/mm  illustrates  an  ambiguity  not  mentioned  before.  Weak  second  harmonics  of  the 
low- intensity  image  slice  corresponding  to  118  lines/mm  can  appear  in  the  236-Tlines/mm  level 
slice.  It  should  be  possible  to  resolve  this  ambiguity  by  subtraction  or  by  other  schemes. 

In  Figure  8(e),  a  broader  slice  of  11%  bandwidth  was  taken  centered  about  the  level  corre¬ 
sponding  to  140  lines/mm.  This  picture  may  be  compared  with  the  previous  slices  and  parti¬ 
cularly  with  the  slice  shown  in  Figure  8(c).  Finally,  Figure  8(f)  shows  a  very  high  inten¬ 
sity  slice  at  440  lines/mm  of  10%  bandwidth.  Three  gray  levels  may  be  seen  simultaneously; 
these  correspond  to  the  superposition  of  three  wide-intensity  slices. 
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Figure  8.  Level  slicing  with  the  VGM  LCLV. 
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The  VGM  effect  in  nematic-phase  liquid  crystals  of  negative  dielec¬ 
tric  anisotropy  has  been  previously  studied,  primarily  with  azoxy  mixtures, 
such  as  Merck  NP-V.  These  yellow-colored  eutectic  mixtures  absorb  light 
strongly  in  the  near  ultraviolet  and  blue  (below  430  nm)  region  of  the  spec¬ 
trum,  and  can  undergo  photodecomposition  during  extended  illumination.  We 
studied  phenyl  benzoate  liquid  crystal  mixtures  because  they  are  colorless 
(strong  absorption  below  350  nm) ,  are  more  stable  to  visible  light  exposures, 
and  are  more  easily  purified  than  the  azoxy  mixtures.  Since  we  have  been 
studying  structural  effects  (particularly  molecular  length)  on  the  anisotropic 
and  dynamic  scattering  properties  of  a  series  of  phenyl  benzoate  mixtures, 
we  examined  the  VGM  response  of  this  series,  as  well  as  several  other  mix¬ 
tures.  The  purpose  was  two-fold:  (1)  to  select  phenyl  benzoate  mixtures 
suitable  for  VGM  studies  in  photoactivated  devices,  and  (2)  to  look  for 
correlations  of  structures  or  physical  properties  with  the  VGM  effect.  The 
materials  studied  are  shown  in  Table  1.  Their  VGM  characteristics  are  com¬ 
pared  with  some  of  their  anisotropic  properties  in  Table  2.  The  voltage 
dependence  of  their  VGM  domain  grating  frequency  is  shown  in  Figure  10.  The 
general  structure  of  the  LC  mixture  component  and  a  typical  model  are  shown 
in  Figure  11.  The  width  d  of  the  domain  period  (line  pair)  is  inversely 
proportional  to  applied  voltage,  according  to 

d  =  a/V  , 

where  a  is  a  constant  that  is  dependent  on  the  particular  liquid  crystal 
mixture.  This  relationship  is  illustrated  in  Figure  10,  in  which  dc  voltage 
as  a  function  of  grating  frequency  1/d  for  each  eutectic  mixture  is  a 
straight  line  with  slope  a.  Values  of  a  for  various  liquid  crystal  mixtures 
are  given  in  Table  2.  A  smaller  value  of  a  is  preferred,  since  a  smaller 
slope  gives  a  larger  range  of  spatial  frequency  for  the  VGM  effect  per  unit  of 
applied  voltage.  Thus,  HRL-2N40  was  chosen  as  the  best  of  these  ester  liquid 
crystal  mixtures  for  use  in  our  studies  of  the  photoactivated  VGM  device. 

The  HRL-2N42  mixture  is  also  of  interest  because  its  a  value  is  almost  as 
low  as  that  of  HRL-2N40,  and  its  viscosity  is  considerably  lower. 
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Figure  11.  Liquid  crystal  mixture  components. 
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There  is  an  interesting  correlation  between  the  VGM  effect  and  the 

average  molecular  length  of  the  mixtures  in  the  RO-R'  ester  series  in 

Tables  1  and  2.  As  their  length  increases  (due  to  longer  alkyl  end  groups), 

the  V  ,  and  a  of  the  first  three  mixtures  (2N42,  2N43,  and  2N42/48)  increase, 
th 

The  longer  length  mixtures  (2N44,  2N46  and  2N48)  do  not  show  VGM  effects. 

Since  the  dielectric  anisotropy  (Ae)  is  reported  to  have  a  large  effect  on 

VGM,  it  may  be  the  change  of  Ae  with  average  length  that  causes  these 

results.  In  this  series,  the  V  ,  increases  as  Ae  becomes  more  negative 

th 

(with  increasing  length),  and  no  VGM  is  observed  when  Ae  is  -0.3  and  more 
negative.  This  is  similar  to  the  VGM  effects  reported  by  Barnik  et  al.  for 
a  much  wider  range  of  Ae.  In  a  more  complex  series  of  phenyl  benzoate  mix¬ 
tures  (containing  four  different  classes  of  end  groups)  they  found  that  V 
increased  as  Ae  became  more  negative,  and  they  also  reported  a  critical 
value  of  Ae  -  -0.3.  However,  the  critical  value  of  Ae  apparently  varies  with 
composition  of  the  end  group  classes  used  since  our  2N25  mixture  of  RO-R' 
and  RO-OR'  esters  shows  VGM,  and  has  Ae  =  -0.40.  Our  latter  group  of  three 
mixtures  (2N11,  2N40  and  2N25)  also  shows  a  general  trend  of  increased  V  , 
with  more  negative  Ae.  The  effect  of  Ae  appears  to  be  less  significant 
in  these  mixtures  than  in  the  RO-R'  series,  but  it  should  be  noted  that' the 
2N11  mixture  is  quite  different  in  composition  from  the  other  two  mixtures. 

To  model  the  molecular  configuration  in  the  VGM  effect,  experiments  on 
the  intensity  and  polarization  states  of  the  VGM  diffraction  orders  have 
been  performed  as  a  function  of  input  polarization  state.  The  results  can 
be  summarized  briefly  as  follows.  With  linear  input  polarization  the  odd 
diffraction  orders  are  polarized  linearly  parallel  to  the  VGM  domains  and 
their  intensity  is  directly  related  to  the  parallel  component  of  the  input 
polarization.  The  even  diffraction  orders  are  linearly  polarized  with  a 
180°  relative  phase  shift  induced  between  the  polarization  components 
parallel  and  perpendicular  to  the  VGM  domains.  These  Fourier  space  results 
are  well  correlated  with  high  resolution  polarizing  microscope  studies  in 
real  space  of  an  electrically  activated  VGM  cell.  The  experiments  have 
enabled  us  to  produce  a  model  of  the  liquid  crystal  director  pattern  within 
the  domains. 
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A  static  model  of  the  VGM  has  been  developed  which  qualitatively  repro¬ 
duces  the  observed  diffraction  phenomena.  A  computer  program  has  been 
implemented  to  see  how  well  predictions  from  the  model  match  the  measured 
diffraction  efficiencies.  Our  model  assumes  that  the  liquid  crystal  director 
orientation  rotates  both  in  the  plane  of  the  liquid  crystal  device,  and  out 
of  the  plane  as  one  moves  through  one  period  of  the  grating  structure.  The 
director  thus  sweeps  out  a  cone  in  one  period  of  the  grating.  The  axis  of 
the  cone  coincides  with  the  director  axis  when  no  voltage  is  applied.  The 
cross  section  of  the  cone  orthogonal  to  the  axis  of  the  cone  is,  in  general, 
elliptical  in  shape. 

Using  the  maximum  value  of  the  two  rotation  components  of  the  director 
as  parameters,  the  model  predicted  diffraction  intensities  for  the  first 
five  orders,  which  agreed  with  the  measured  value  with  less  than  ten  percent 
error.  In  fact,  this  error  was  only  slightly  higher  than  the  measurement 
error. 

Work  is  in  progress  to  refine  the  model,  and  to  perform  additional 
experiments  to  identify  additional  aspects  of  the  model  which  are  not  uniquely 
specified  at  this  point. 

2 .  Applications 

A  new  generation  of  improved  VGM  photoactuated  devices  was  successfully 
fabricated  after  the  publication  of  the  above  inserted  paper.  By  careful 
attention  to  processing  details,  and  the  utilization  of  high  optical  quality 
1/10  wave  flats,  a  great  improvement  in  uniformity,  freedom  from  defects, 
and  resolution  was  achieved.  The  photoconductor  was  vapor  deposited  with 
ZnS,  5  um  thick.  Three  of  these  devices  were  selected  to  perform  the  non¬ 
linear  optical  process  of  "level-slicing"  or  isophotometric  contouring  of 
images.  These  devices  were  aligned  by  mechanical  rubbing,  with  resulting 
traces  that  can  be  seen  in  the  zeroth  order  as  a  background  noise.  The 
resolution  of  the  system  employed  here  is  approximately  6  lines/ram.  Fig¬ 
ure  12  shows  a  sequence  of  level  slices  using  a  6-ym-thick  LC  VGM  cell.  The 
objects  include  a  cube,  barely  visible  on  the  left;  a  cylinder;  and  a  sphere 
on  the  right.  The  filter  for  level-slicing  with  the  VGM  device  is  simply  a 
slit  in  Fourier  space,  positioned  at  the  appropriate  mapped  position  of  the 
desired  intensity  level.  Figure  13  shows  a  similar  sequence  for  a  12-ym-thick 
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Figure  13.  Level  slicing  with  12  iim  VC.'M  cell,  cylinder 
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liquid  crystal  VGM  device.  Spurious  interference  fringes  can  be  seen  in 
Figures  13(d)  and  13(e)  resulting  from  reflections  in  the  apparatus.  In  these 
level-slicing  results,  a  far  greater  cell  uniformity  and  resolution  can  be 
seen  than  in  that  which  was  reported  earlier. 

Many  new  applications  for  the  VGM  device  have  been  investigated.  Besides 
the  direct  implementation  of  nonlinear  functions  such  as  level  slicing,  we 
have  shown  that  all  positive  and  negative  digital  logical  functions  can  be 
implemented  readily.  These  functions  or  operations  can  be  conceived  of  as 
special  cases  of  nonlinear  functions.  The  VGM  device,  which  transforms 
intensities  to  positions  is  easily  employed  in  these  applications,  with  mini¬ 
mal  coherence  requirements,  flexible  programmability,  and  level  restoration. 

We  include  here  two  recent  publications  which  provide  a  concise  summary  of 
the  applications  of  the  VGM  device  to  optical  logic  and  optical  computing. 
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Abstract 

A  liquid  crystal  device  that  performs  a  two-dimensional  intens ity-to-spat ial  frequency 
conversion  has  been  developed  for  use  as  an  optical  transducer,  when  such  a  device  is 
used  as  the  input  transducer  in  an  optical  filtering  arrangement,  image  intensity  levels 
can  be  easily  manipulated  via  Fourier  plane  filters.  This  variable  input  intensity-output 
intensity  transfer  function  has  numerous  potential  applications  in  image  processing. 
Implementation  of  a  variable  level  slice  operation  is  discussed  and  experimental  results 
presented.  The  VGN  LCLV  device  is  also  particularly  well  adapted  to  performing  binary 
logic  operations  on  2-0  images.  This  application  is  discussed,  and  results  demonstrating 
the  implementation  of  common  logic  operations  are  presented. 

Introduction 


One  of  the  primery  concerns  in  the  fields  of  optical  image  processing  and  optical 
computing  is  the  desire  for  a  wider  range  of  real-time  input  transducers  to  meet  the 
special  requirements  of  various  processing  schemes.  Variable-gratinq-mode  (VGM)  liquid 
crystal  devices  offer  a  radically  new  approach  to  the  problem  of  optical  transducers1. 
The  basic  function  of  the  VGM  device  is  to  perform  an  intensity  to  spatial  frequency 
conversion.  This  is  done  simultaneously  over  a  two-dimensional  image  field  so  that  the 
intensity  variations  of  an  image  arc  converted  to  local  spatial  freauency  variations  in  a 
phase  grating  structure  within  the  liquid  crystal  layer.  Due  to  the  intensity-to-spatial 
frequency  conversion  thus  performed,  a  standard  spatial  filtering  system  can  be  used  to 
manipulate  the  vgn  spatial  frequencies  and  thus  the  input  intensities.  In  this  paper  we 
describe  two  basic  applications  of  the  VGM  device:  nonlinear  processing  of  continuous  tone 
images  and  optical  logic  operations  on  binary  images.  The  VGN  liquid  crystal  light  valve 
has  many  advantages  for  both  of  these  processes. 

The  ability  to  perform  arbitrary  point  nonlinearities  over  two-dimensional  images 
greatly  increases  the  flexibility  of  optical  processing  systems*.  In  the  past  few  years 
several  different  approaches  to  the  problem  of  implementing  generalized  nonlinearities 
have  been  investigated1.  These  have  included  halftone  screen  techniaues3,4,5'®  nonl  inear 
devices7'®,  feed  back  methods9,  and  a  variable  level  slice1®  among  others.  The  main 
advantage  of  the  VGN  approach  over  previous  methods  is  the  ease  of  programming  the 
functional  nonlinearity  desired  for  a  given  image  transformation.  This  is  done  simply  by 
changing  the  transmittance  distribution  of  the  spatial  filter  in  the  optical  processing 
system.  The  spatial  filter  is  relatively  low  resolution  and  need  only  have  a 
space-bandwidth  product  equal  to  the  number  of  gray  levels  to  be  processed  independent  of 
the  space-bandwidth  product  of  the  input  image. 

The  same  programmability  advantage  applies  to  the  implementation  of  binary  logic 
operations.  One  device  can  be  used  to  implement  any  of  the  common  logic  operations  (AND, 
GR,  XOR ,  and  their  complements)  by  simply  changing  a  Fourier  plane  filter.  Previously 
described  optical  logic  systems  were  "hardwired*  to  perform  specific  operations11,12’13, 
and  in  most  cases  one  or  more  logic  functions  proved  difficult  or  cumbersome  to  implement. 

A  second  major  advantage  of  the  VGM  system  is  the  possibility  for  level  restoration  at 
each  stage  in  order  to  provide  required  noise  immunity.  This  capability  has  been  lacking 
in  other  numerical  processing  systems  where  noise  accumulates  in  cascaded  stages. 

It  should  perhaps  be  pointed  out  that  considerable  effort  has  been  directed  toward 
using  integrrted  optics  for  logic  elements 14 ' 15 > 16 .  This  approach  is  inherently 
one-dimensional  and  does  not  fully  exploit  the  advantages  available  to  fully  parallel 
two-dimensional  optical  processing  algorithms. 

In  the  following  we  first  describe  the  basic  principles  of  operation  of  the  VGN  device. 
Then  we  discuss  in  more  detail  how  it  can  be  used  for  nonlinear  processing  of  images  and 
some  of  the  limitations  of  device  performance.  A  variable  level  slice  experiment  is 
described  as  an  example  of  nonlinear  processing.  Next,  the  application  of  the  VGN  device 
to  logic  operations  is  introduced  end  some  preliminary  experimental  results  are  presented. 
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VGM  device  descr  iot ion 

The  primary  active  element  of  the  variable  grating  mode  liauid  crystal  device  is  a  thin 
layer  of  liquid  crystal  that  is  observed  to  form  periodic  stripe  domains  in  the  cresence 
of  an  applied  voltage  *  as  shown  in  Fig.  la.  The  formation  of  the  domains  results  in  a 
phase  grating  characterized  by  a  spatial  frequency  that  depends  on  the  magnitude  o'  the 
voltage  across  the  liquid  crystal  layer.  The  grating  period  can  he  optically  controlled 
by  placing  a  two-dimensional  photoconduct ive  layer  in  secies  with  the  lever  of  liauid 
crystal . 

The  structure  of  the  present  photoact ivated  device  is  shown  echomatical ly  in  Fig.  !b. 
It  includes  a  sputter-deposited  ZnS  photoconductoc ,  and  a  1  iquid-crystal  layer,  these  are 
sandwiched  between  indium-tin  oxide  (ITO)  transparent  electrodes  that  have  been  denosired 
on  glass  substrates.  A  low-voltage  dc  drive  voltage  is  impressed  across  the  electrodes. 

The  operating  principle  of  the  device  is  straightforward.  The  thin-film  structure  is 
designed  to  accept  most  of  the  drive  voltage  when  the  photoconductoc  is  not  illuminated: 
the  portion  of  the  voltage  that  falls  across  the  liauid  crystal  is  below  the  activation 
threshold  of  the  liquid-crystal  VGM  effect.  When  light  falls  on  the  photoconductor,  the 
photoconductor's  impedance  drops,  thereby  switching  the  voltage  from  the  photoconductor 
onto  the  liquid  crystal  and  driving  the  liquid  crystal  into  its  activated  state.  Thus, 
the  photoconductoc  acts  as  a  light-activated  voltage  gate.  The  high  lateral  imoedance  of 
the  thin  film  causes  there  to  be  very  little  spreading  of  the  photoconductivity  or  of  the 
associated  liquid-crystal  electrooptic  effect.  As  a  result,  the  light-activation  oroenss 
is  a  high-resolution  process,  and  the  device  can  accept  photographic-oual ity  images. 

Nonl inear  processing  of  continuous  valued  signals 
with  the  'variable  grating  mode  liquid  crystal  device 

The  VGM  liquid  crystal  device  can  be  considered  to  be  an  intensity-to-spat <a'  freauency 
converter  capable  of  operating  on  two-dimensional  images.  The  intens i t y-to-soat ial 
frequency  conversion  allows  the  implementation  of  arbitrary  point  nonlinearities  with 
simple  Fourier  plane  filters.  As  discussed  above,  when  an  input  image  illuminates  the 
photoconductor  surface  of  this  device  the  intensity  variations  of  the  input  image  change 
the  local  gtatinq  frequency.  If  coherent  light  is  utilized  to  Fourier  transform  the 
processed  image,  different  spatial  freauency  components  (corresponding  to  different  input 
intensities)  of  the  encoded  image  appear  at  different  locations  in  the  Fourier  Diane  as 
shown  in  Fig.  2a.  Thus,  by  placing  appropriate  spatial  filters  in  this  olane  it  is 
possible  to  obtain  different  transformations  of  the  input  intensity  in  the  output-  olane 
depicted  in  Fig.  2b.  This  figure  describes  the  variable  gratinq  mode  nonlinear  processing 
graphically.  The  input  intensity  variation  is  converted  to  a  spatial  freciuency  variation 
by  the  characteristic  function  of  the  VGM  device  (upper  right-hand  auadrant'.  ?*'«•«<■• 
variations  are  Fourier  transformed  by  the  optical  system  and  the  spectrum  is  modi'-eg  f-v  a 
filter  in  the  Fourier  plane  (upper  left-hand  auadrant).  Finally,  a  rojare-law  defection 
produces  the  intensity  observed  in  the  output  plane  (lower  left-hanc  ouar’r»nM. 
Considered  together,  these  transformations  yield  the  overall  nonl ine*r i tv  'lower 

cight-hand  quadrant).  Design  of  a  proper  spatial  filter  for  a  desired  transformat icn  '?  a 
relatively  easy  task.  For  example,  a  level  slice  transformat  ion  reouira?  only  a  ejmr’.e 
slit  that  passes  a  certain  frequency  band  or  bends.  A  mathematical  formulation  of 
nonlinear  processing  utilizing  the  VGM  device  is  presented  in  the  next  section. 


Variable  phase  grating  ana  1  vs  is 


Consider  a  phase  grating  (periodic  array  of  phase  shifting  element?)  extending  to 
infinity  in  both  the  x  and  y  directions.  Let  g(x,y)  be  the  comclex  emolitude 
transmittance  of  the  phase  grating.  Since  the  grating  extends  to  infinity  we  c-n  assum" 
that  £(x,y)  is  a  per iod ic  function  of  x  and  write  it  as  a  Fourier  srri=s  excaneion 


jlx.y)  »  cnexp(j2  nx/L)  1,1 

n*-  -- 

where 

,L 

-n  *  E  1  1  <x •  y  I  exp  < -  j2"nx/ L) dx 
'0 

and  L  is  the  period  of  the  grating.  Pecausc  we  assume  that  the  ;r»tino  «x'-‘-nds  to 
infinity  in  the  y-direction,  3<x,y)  is  not  an  explicit  function  of  y. 
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foe  the  case  of  a  uniform  input  intensity  distribution  and  a  Fourier  plane  filter 
H ( fx ,  fy )  which  transmits  only  the  first  diffraction  order,  it  can  be  easily  shown  that  the 
output  intensity,  IQ ,  resulting  from  the  inverse  Fourier  transform  is 

Vx-y>  *  i=i»<r°>i2  n, 

i 

where  H(l,u)  is  the  filter  amplitude  transmittance  at  the  first  diffraction  order  of  the 
VGM  grating  with  period  L  and  c  is  a  constant.  Thus  the  output  intensity  is  directly 
related  to  the  variation  in  the  filter  transmittance  as  a  function  of  spatial  freouency. 


Using  the  above  analysis,  the  processing  limitations  of  the  VGM  device  can  be 
estimated.  The  fundamental  question  to  be  answered  is  how  large  the  smallest  picture 
element,  or  pixel,  must  be  with  respect  to  the  VGM  grating  frequency. 


Suppose  that  the  usable  spatial  freouency  range  over  which  the  VGM  device  can  operate 
is  6vo.  To  avoid  crosstalk  from  higher  diffracted  orders  the  VGM  device  can  only  fc« 
operatec  between  the  first  diffraction  order  and  the  next  non-zero  harmonic  of  the  lowest 
fundamental  frequency.  Experiments  indicate  that  the  second  harmonic  can  be  eliminated  bv 
a  polarizing  filter  so  that  the  third  harmonic  is  the  next  non-zero  component.  However, 
in  the  subsequent  derivation  if  is  assumed  that  the  second  order  sets  the  limiting 
frequency  for  a  "worst  case"  calculation.  If  the  lowest  freouency  used  >s  denoted  by  v 
then  the  usable  frequency  range  is 


6v 


o 


2v_ 


v 

o 


V 

o 


(41 


as  shown  in  Fig.  3.  If  the  number  of  intensity  levels  that  must  be  distinguished  is  N , 
then  the  Fourier  transform  of  cny  one  aperture  represented  by  2*v  in  Fig.  3  must  be 
contained  within  a  region  of  width  vQ/N  in  the  Fourier  plane.  So  we  must  have 

2Av  4  vo/N.  (5) 

if  the-  pixel  width  is  b,  then  the  width  of  its  Fourier  transform  is  2/b,  which  imol  ies 
that 


2Av  »  jj 


Combining  Eg.  (5)  and  (t>)  we  have 

I  4  /N  (7) 

D  O 

or 

bvo  -  2N‘  (81 

This  relation  thus  requires  that  the  pixel  size  contains  2N  periods  of  the  lowest  gratinq 
frequency  if  N  grey  levels  are  to  be  processed.  For  example,  if  '0  «  200  cycles/mm  and 
N  *  50,  then  each  pixel  must  have  a  size  b  *  0.5  mm.  Thus  if  the  device  has  f  50  mm 
square  area  <■  100  x  100  pixel  image  could  be  processed  with  50  defined  grey  levels. 

Demonstration  of  a  level  slice  f unct ion  with  the  VGM  device 


In  this  experiment,  the  ability  of  the  VGM  device  to  generate  a  level-slice  nonlinearity 
is  demonstrated.  The  experimental  setup  is  shown  in  Fig.  4.  The  input  picture  is 
illuminated  by  an  arc  lamp  source  and  imaged  onto  the  photoconductor  surface  of  a  VGM 
device  which  initially  has  a  uniform  phase  grating  structure  due  to  a  dc  bias  voltaqe. 
The  grating  period  is  locally  modulated  by  the  input  picture  intensity,  and  this 
modulation  is  mapped  into  a  position  along  a  line  in  the  spatial  filter  olane.  a  r»d 
filter  ensures  that  only  the  readout  laser  beam  enters  the  coherent  optical  processor. 
Smell  circular  annuli  of  varying  radii  are  used  to  pass  certain  spatial  frequency  bands. 
This  in  effect  allows  only  prescribed  input  intensity  ranges  to  appear  in  the  output. 
Figure  5  shows  both  the  input  and  level  sliced  output  pictures.  Figure  5a  shows  a 
positive  print  of  the  original  imago  as  photographed  on  the  imaging  screen,  a  negative  of 
the  original  was  used  in  the  experiments.  Figure  5b  shows  a  low  intensity  level  slice 
corresponding  to  a  VGM  periodicity  of  12G  lines/mm  with  approximately  3%  bandwidth.  Tn 
Fig.  5c  another  level,  corresponding  to  153  lines/mm,  is  shown.  Figure  5d  at  236 
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lincs/inm,  illustrates  the  interference  from  second  harmonics.  Weak  second  harmonics  of 
the  low-intensity  image  slice  corresponding  to  118  lines/mm  can  appear  in  the  236  lines/mm 
level  slice.  In  Fig.  5e,  a  broader  slice  of  approximately  11%  bandwidth  was  taken 
centered  about  the  level  corresponding  to  140  lines/mm.  This  picture  may  be  compared  with 
the  previous  slices  end  particularly  with  the  slice  shown  in  Fig.  5c.  Finally,  Fin.  5f 
shows  a  very  high  input  intensity  slice  at  440  lines/mm  of  101  bandwidth.  Three  grey 
levels  may  be  seen  simultaneously;  these  correspond  to  the  superposition  of  three  fcroad 
intensity  slices. 


VGM  implementation  of  logic  functions 

To  see  how  the  VGM  device  can  be  used  to  implement  logic  operations,  one  need  only 
realize  that  the  function  of  a  logic  circuit  can  be  represented  as  a  simple  binary 
nonlinearity.  The  input-output  characteristics  of  the  common  logic  functions  are  shown  in 
Fig.  6.  The  input  in  these  figures  is  assumed  to  be  the  simple  arithmetic  sum  of  the  two 
input  logic  levels.  Thus  NOT  is  simply  a  hard-clipping  inverter,  AND  and  OP  are 
hardclippers  with  different  thresholds  and  XOR  is  a  level  slice  function.  Any  spatial 
light  mouulator  or  optical  processing  system  which  can  produce  these  nonlinearities  can  be 
used  for  implementing  combinatorial  logic.  Furthermore,  if  the  system  allows  feedback  to 
be  readily  introduced,  sequential  or  latching  logic  can  also  be  implemented. 

The  VGM  device  is  well  suited  to  implementing  these  nonlinearities.  with  the  VCm 
approach,  nonlinearities  are  obtained  using  a  Fourier  plane  filter  whose  transmittance 
variation  in  one-dimension  is  essentially  a  plot  of  the  desired  nonlinearity.  thus 
arbitrary  r.cr.l  inear  it  ies  arc  easily  produced  and  changed.  For  logic  ooer»tions  the 
situation  is  quite  straightforward.  Since  the  nonl inoar  it ies  associated  with  logic 
operations  are  binary  functions,  they  can  be  implemented  with  simple  slit  apertures,  i.e., 
0  or  1  transmittance  values.  Such  binary  filters  are  the  simplest  filters  to  implement. 
A  second  feature  of  the  VGM  technique  that  is  especially  suitable  for  logic  Drocessing  <s 
that  the  input  and  output  are  physically  separate  beams.  The  input  beam  modulates  a 
photoconductor;  concurrently  the  image  is  red  out  with  a  second  beam.  This  separation  of 
input  and  output  provides  for  the  possibility  of  restoring  the  output  levels  to  the  0  and 
1  values  even  if  the  input  levels  are  not  exactly  correct.  This  feature  is  essential  to 
the  production  of  a  reliable  logic  system  that  is  immune  to  noise  and  systematic  errors  in 
the  levels.  electronic  logic  elements  possess  such  level  restoring  capability,  but 
currently  proposed  optical  logic  schemes  lack  this  essential  cha racter i st ic . 

Two  further  aspects  of  logic  operations  which  are  advantageous  for  opri-a' 
implementation  purposes  arc  the  facts  that  logic  operation  input  levels  are  discrete,  and 
that  only  a  small  number  (2-4)  of  distinguishable  levels  are  reouirec.  The  existence  of 
discrete  input  levels  implies  that  the  nonl  inear  it  iec  need  not  hav°  she  exact  forms  ?hown 
in  Fig.  b.  In  particular  the  transition  regions  need  not  be  oerfently  stare  thresholds 
since  the  input  values  arc  presumed  not  to  occur  within  the  transition  regions  in  any 
event.  The  fact  that  only  a  few  levels  need  be  distinguished  implies  that  the  qrey-level 
resolution  reouirements  for  the  system  are  minimal. 

The  operations  discussed  above  are  the  basic  comt i nator ia 1  logic  functions.  However, 
sequential  logic  nay  also  be  implemented  with  appropriate  feedback,  i.e.,  imegina  the 
output  plane  onto  the  input  plane  (which  can  be  accomplished  with  incoherent 
li  lumine.  t  ion  l  .  However,  with  the  present  VGM  transmission  devices  there  is  a  orobl^m  of 
separating  the  read  and  write  functions  in  a  feedback  system  since  their  wavelengths  must 
t.e  iccntical. 


l  Exper  imental  results  of  logic  imclomentat ion 

A  series  of  experiments  were  conducted  to  demonstrate  the  fundamental  logic  functions. 
The  experimental  setup  of  Fig.  7  was  used.  Two  input  fields  were  superimposed  at  the  VGM 
plane  along  with  a  bias  illumination.  The  total  illumination  intensity  on  the 
pnotoconductot  of  the  VGM  device  was  thus  the  sum  of  the  two  input  intensities  and  the 
bias  intensity.  The  input  illumination  was  a  filtered  high-pressure  mercury  arc  lamp. 
The  bias  illumination  was  provided  by  a  collimated  tungsten  bulb  source.  The  VGM  device 
was  read  out  in  transmission  using  HeNe  laser.  A  filter  was  placed  in  the  Fourier  olane 
to  select  the  desired  diffraction  orciers  for  each  logic  functior. 

For  th«-sc  experiments,  the  inputs  consisted  of  one  vertical  rectangular  aperture  and 
one  horizontal  aperture,  when  these  were  superimposed  along  with  the  bias,  a  souare  image 
was  focmad  with  the  four  quadrants  having  the  intensity  levels  shown  in  Fig.  3.  Tl>'S 
image  corresponos  to  the  logic  truth  table  shown.  Thus  the  output  images  have  intensify 
levels  determined  by  the  truth  table  associated  with  the  desired  log'c  function.  T*e 
logic  functions  and ,  OR,  XOR  and  their  complements  wore  implemented  seou'>nr  1  a  1 1  y  as  shown 
m  Fig.  9  by  altering  only  the  Pouri-cr  plane  filter,  rmper  feet  ions  visible  in  the  output 
plane  uata  arise  from  defects  in  the  cell  structure  of  the  VGM  device  emoloyed  fn  these 
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experiments.  Investigations  on  VGM  device  improvements,  limitations,  processing  speed  end 
pixel  uniformity  are  in  progress. 

Conclusion 


We  have  described  a  new  type  of  optical  transducer,  the  var iabl e-gr at i ng-mod<  (yc»<  1 
liquid  crystal  device  which  operates  by  providing  an  int.ens  i  ty-to-spat  in)  frequency 
conversion.  It  has  been  demonstrated  theoretically  and  experimentally  that  this  device 
cun  be  used  for  implementing  arbitrary  nonlinearities  on  continuous  tone  images,  and  can 
be  employed  to  perform  combinatorial  logic  operations  on  binary  images.  The  VCM  accroach 
has  several  advantages  over  other  techniques.  Principal  among  these  advantages  is  the 
flexibility  of  the  device  inherent  in  its  functional  programmability,  which  may  he 
exercised  at  will  merely  by  changing  a  low-resolution  spatial  filter. 
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Figure  3.  The  gray  level  resolution  is  limited  by  the  ratio  of  the  distance 
between  VGM  harmonics  to  the  object  spectrum  bandwidth, 


Figure  A.  Experimental  setup  used  to  perform  the  level  slice  experiments. 
The  spatial  filter  was  a  variable  annular  aperture. 
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Figure  5.  Level  slice  results.  (A)  Original  image. 

LB-F)  Represent  level  slice  results  for 
various  apertures  as  discussed  in  the  text. 


OUT 

< 

0 


NOT 


Figure  6.  Logic  functions  as  simple  nonlinearities. 

Given  an  input  consisting  of  the  sum  of  two 
binary  inputs,  different  logical  operations 
can  be  effected  on  those  inputs  by  means  of 
the  depicted  nonlinear  characteristics. 

(a)  NOT,  (b)  AND,  (c)  OR,  (d)  XOR. 
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Readout 
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Figure  7.  Experimental  arrangement  for  performing  logical  operations 
on  two  dimensional  binary  inputs  with  a  VGM  device.  The 
two  input  images  are  superimposed  on  the  photoconductor. 

The  device  is  read  out  in  transmission.  Simple  slit 
apertures  can  be  used  to  achieve  the  desired  logic  operations. 


INPUT 

A 


EXPERIMENTAL 
INPUT  LEVELS 
IA  •  B> 


Figure  8.  VGM  logic  results.  (a)  Two  binary  images  were  superimposed 
to  produce  the  input  intensities  on  the  photoconductor  as 
shown.  Without  any  filter,  the  output  is  ideally  a  uniform 
field  (logical  1) .  The  actual  output  is  shown  below  the 
indicated  input  levels.  (b-g)  indicate  the  ideal  outputs 
and  the  actual  outputs  for  the  logical  operations  OR,  NOR, 
AND,  NAND,  XOR,  NXOR,  respectively. 
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A  liquid -crystal  device  that  performs  a  two-dimensional  intensity-to-spatial-frequency  conversion  has  been  inves¬ 
tigated  for  use  as  an  optical  transducer.  When  such  a  device  is  used  as  the  input  transducer  in  an  optical  filtering 
arrangement,  image-intensity  levels  can  be  easily  manipulated  by  using  appropriate  Fourier  plane  filters.  The 
variable-grating-mode  liquid-crystal  device  is  well  adapted  to  performing  binary  logic  operations  on  images.  Re¬ 
sults  demonstrating  the  implementation  of  common  logic  operations  are  presented. 


One  of  the  primary  concerns  in  optical  image  process¬ 
ing  and  optical  computing  is  the  desire  for  a  wider  range 
of  real-time  input  transducers  to  meet  the  special  re¬ 
quirements  of  various  processing  schemes.  Variable¬ 
grating-mode  (VGM)  liquid-crystal  devices  offer  a  new 
approach  to  the  problem  of  optical  transducers.12  The 
basic  function  of  the  VGM  device  is  to  perform  an  in¬ 
tensity-to-spatial-frequency  conversion  over  a  two- 
dimensional  image  field.  In  this  process,  the  intensity 
variations  of  an  input  image  are  converted  to  local 
spatial-frequency  variations  in  a  phase-grating  structure 
within  the  liquid-crystal  layer.  As  a  result  of  this  in¬ 
tensity-to-spatial-frequency  conversion,  a  standard 
spatial-filtering  system  can  be  used  to  manipulate  the 
VGM  spatial  frequencies  and  thus  the  input  intensi¬ 
ties. 

We  describe  the  application  of  the  VGM  device  to 
optical  logic  operations  on  binary  images.  The  VGM 
device  permits  the  implementation  of  arbitrary  non¬ 
linear  point  transformations  of  image  intensity.  The 
main  advantage  of  the  VGM  approach  over  previous 
methods  is  the  ease  of  programming  the  functional 
nonlinearity  desired  for  a  given  image  transformation. 
This  is  accomplished  simply  by  changing  the  trans¬ 
mittance  distribution  of  the  spatial  filter  in  the  optical 
processor.  The  spatial  filter  is  of  relatively  low  reso¬ 
lution  and  need  only  have  a  space-bandwidth  product 
equal  to  the  number  of  gray  levels  to  be  processed  in¬ 
dependently  of  the  space-bandwidth  product  of  the 
input.  This  programmability  advantage  applies  to  the 
implementation  of  binary  logic  operations.  One  device 
can  be  used  to  implement  any  of  the  common  logic  op¬ 
erations  (AND,  OR,  XOR,  and  their  complements)  by 
simply  changing  a  Fourier  plane  filter.  Previously 
described  optical  logic  systems  were  "hard  wired”  to 
perform  specific  operations  (see,  for  example,  Refs.  3, 
4,  and  5).  A  second  major  advantage  of  the  VGM  sys¬ 
tem  is  the  possibility  of  level  restoration  at  each  stage, 
which  provides  the  requisite  noise  immunity.  This 
capability  has  been  lacking  in  other  numerical  pro¬ 
cessing  systems  in  which  noise  accumulates  in  cascaded 


stages.  Considerable  effort  has  been  directed  toward 
using  integrated  optics  for  logic  elements.6  8  This  ap¬ 
proach  is  inherently  one-dimensional  and  does  not  ex¬ 
ploit  the  advantages  available  to  fully  parallel  two- 
dimensional  optical  processing  algorithms. 

The  principal  element  of  the  variable-grating-mode 
device  is  a  thin  layer  of  liquid  crystal  that  is  observed 
to  form  periodic  stripe  domains  in  the  presence  of  an 
applied  voltage,12  as  shown  in  Fig.  1(a).  The  formation 
of  the  domains  results  in  a  phase  grating  characterized 
by  a  spatial  frequency  that  depends  on  the  magnitude 
of  the  voltage  across  the  liquid -crystal  layer.  The 
grating  period  can  be  optically  controlled  by  placing  a 


(b) 


Fig.  1.  VGM  cell,  (a)  Phase  structure  viewed  through  a 
polarizing  microscope.  Typical  frequencies  range  from  100 
to  500  mm-1,  (b)  Schematic  diagram  of  the  VGM-device 
construction.  At  present,  devices  are  read  out  in  transmission 
at  a  wavelength  at  which  the  photoconductor  is  insensitive. 


Reprinted  from  Optics  Letters,  Vol.  5,  page  398,  September  1980 
Copyright  >6  1980  by  the  Optical  Society  of  America  and  reprinted  by  permission  of  the  copyright  owner. 

56 


September  1980  /  Vol.  5.  No  9  /  OPTICS  LETTERS  399 


two-dimensional  photoconductive  layer  in  series  with 
the  layer  of  liquid  crystal.  The  structure  of  the  pho- 
toactivated  device  is  shown  schematically  in  Fig.  1(b). 
The  sputter-deposited  ZnS  photoconductor  and  the 
liquid-crystal  layer  are  sandwiched  between  indium- 
tin-oxide  (ITO)  transparent  electrodes  deposited  on 
glass  substrates.  To  operate  the  device,  a  dc  drive 
voltage  is  impressed  across  the  electrodes.  The  thin- 
film  structure  is  designed  to  accept  most  of  the  drive 
voltage  when  the  photoconductor  is  not  illuminated, 
such  that  the  fraction  of  the  voltage  that  drops  across 
the  liquid  crystal  layer  is  below  the  activation  threshold 
of  the  VGM  effect.  Illumination  incident  upon  a  given 
area  of  the  photoconductive  layer  reduces  its  imped¬ 
ance,  thereby  increasing  the  voltage  drop  across  the 
liquid-crystal  layer  and  driving  the  liquid  crystal  into 
its  activated  state.  Thus,  because  of  the  VGM  effect, 
the  photoconductor  converts  an  input  intensity  distri¬ 
bution  into  a  local  variation  of  the  phase-grating  spatial 
frequency.  The  high  lateral  impedance  of  the  thin 
photoconductive  film  prevents  significant  spreading  of 
the  photoconductivity  and  the  associated  liquid-crystal 
electro-optic  effect.  As  a  result,  the  light-activation 
process  exhibits  high  resolution. 

To  visualize  how  the  VGM  device  can  be  used  to  im¬ 
plement  logic  operations,  one  need  only  realize  that  the 
function  of  a  logic  circuit  can  be  represented  as  a  simple 
binary  nonlinearity.  The  input-output  characteristics 
of  the  common  logic  functions  are  shown  in  Fig.  2.  The 
input  in  these  figures  is  the  simple  arithmetic  sum  of 
two  input  image  intensities  corresponding  to  logic  levels 
0  or  1.  For  example,  NOT  is  simply  a  hard-clipping  in¬ 
verter,  AND  and  OR  are  hard-clippers  with  different 
thresholds,  and  XOR  is  a  level  slice  function.  Any 
spatial  light  modulator  or  optical  processing  system  that 
can  produce  these  nonlinearities  can  be  used  for 
implementing  combinatorial  logic.  Furthermore,  if  the 
system  allows  feedback  to  be  readily  introduced,  se¬ 
quential  or  latching  logic  can  also  be  implemented.  The 
VGM  device  is  well  suited  to  implementing  these  non- 
linearities.  With  the  VGM  approach,  nonlinearities  are 
obtained  by  using  a  Fourier  plane  filter  whose  trans¬ 
mittance  variation  in  one  dimension  is  essentially  a  plot 
of  the  desired  nonlinearity.  Thus  arbitrary  non- 
linearities  are  easily  produced  and  changed.  Since  the 
nonlinearities  associated  with  logic  operations  are  bi¬ 
nary  functions,  they  can  be  implemented  with  simple 
slit  apertures,  i.e.,  0  or  1  transmittance  values  (Fig.  2). 
A  second  feature  of  the  VGM  technique  that  is  espe¬ 
cially  suitable  for  logic  processing  is  that  input  image 
and  output  beams  are  physically  separate.  The  input 
beam  modulates  a  photoconductor;  concurrently  the 
image  is  read  out  with  a  second  beam.  This  separation 
of  input  and  output  provides  for  the  possibility  of  re¬ 
storing  the  output  levels  to  the  0  or  1  values  even  if  the 
input  levels  are  not  exactly  correct.  This  feature  is 
essential  to  the  production  of  a  reliable  logic  system  that 
is  immune  to  noise  and  systematic  errors.  Electronic 
logic  elements  possess  such  level-restoring  capability, 
but  previously  proposed  optical  logic  schemes  lack  this 
essential  characteristic.  Two  further  aspects  of  logic 
operations  that  are  advantageous  for  optical  imple¬ 
mentation  purposes  are  that  logic  operation  input  levels 
are  discrete  and  that  only  a  small  number  (2-4)  of  dis- 
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Fig.  2.  Logic  functions  as  simple  nonlinearities.  Given  an 
input  consisting  of  the  sum  of  two  binary  inputs,  different 
logical  operations  can  be  effected  by  means  of  the  nonlinear 
characteristics  depicted. 


tinguishable  levels  are  required.  The  existence  of  dis¬ 
crete  input  levels  implies  that  the  nonlinearities  need 
not  have  the  exact  forms  shown  in  Fig.  2.  In  particular, 
the  transition  regions  need  not  be  perfectly  sharp 
thresholds  since  the  input  values  are  presumed  not  to 
occur  within  the  transition  regions  in  any  event.  The 
fact  that  only  a  few  levels  need  be  distinguished  implies 
that  the  gray-level  resolution  requirements  for  the 
system  are  minimal.  As  an  additional  advantage,  the 
input  beam  need  not  be  coherent,  and  output  coherence 
need  only  be  sufficient  to  distinguish  a  small  number 
of  spatial  frequencies.  Many  logic  functions  whose 
implementation  would  normally  require  multiple  gates 
can  be  obtained  directly  with  a  single  VGM  cell.  An 
important  example  is  the  full-adder,  in  which  two  input 
bit  planes  and  the  carry  bit  plane  are  imaged  simulta¬ 
neously  onto  the  VGM  device,  generating  four  possible 
input  intensity  levels.  The  four  resulting  diffracted 
orders  can  be  filtered  to  generate  the  sum  bit  plane  by 
using  the  positive  orders  and  simultaneously  the  carry 
bit  plane  by  using  the  negative  orders.  Thus  a  full  ad¬ 
dition  can  be  performed  in  a  single  pass  through  the 
device.  Besides,  functions  requiring  matrix-address¬ 
able  look-up  tables  can  be  generated  by  utilizing  two 
orthogonally  oriented  VGM  devices  in  conjunction  with 
a  two-dimensional  Fourier  plane  filter.  Several  such 
functions  are  required  for  optical  implementation  of 
residue  arithmetic.  Finally,  in  addition  to  the  combi¬ 
natorial  logic  functions  discussed  above,  sequential  logic 
may  also  be  implemented  with  appropriate  feedback. 
In  this  application,  the  output  plane  is  imaged  onto  the 
input  plane.  This  can  be  accomplished  with  incoherent 
illumination. 

A  series  of  experiments  was  conducted  to  demon¬ 
strate  the  fundamental  logic  functions.  The  experi¬ 
mental  setup  of  Fig.  3  was  used.  Two  input  fields  were 
superimposed  at  the  VGM  plane  along  with  a  bias  illu¬ 
mination.  The  total  illumination  intensity  on  the 
photoconductor  of  the  VGM  device  was  thus  the  sum 
of  the  two  input  intensities  and  the  bias  intensity.  The 
input  illumination  was  a  filtered  high-pressure  mer¬ 
cury-arc  lamp.  The  bias  illumination  was  provided  by 
a  tungsten-bulb  source.  The  VGM  device  was  read  out 
in  transmission,  using  a  He-Ne  laser.  Filters  were 
placed  in  the  Fourier  plane  to  select  the  diffraction  or¬ 
ders  required  in  each  case.  For  these  experiments,  the 
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Fig.  3.  Experimental  arrangement  for  performing  logical 
operations  on  two-dimensional  binary  inputs  with  a  VGM 
device.  The  two  input  images  are  superimposed  on  the 
photoconductor.  The  device  is  read  out  in  transmission. 
Simple  slit  aperturescan  be  used  to  achieve  the  desired  logic 
operations.  \>  and  Xt  are  the  mean  input  and  output  wave¬ 
lengths. 
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Fig.  4.  VGM  logic  results.  At  left,  two  binary  images  were 
superimposed  to  produce  the  input  intensities  on  the  photo¬ 
conductor  as  shown.  Without  any  filter,  the  output  is  ideally 
a  uniform  field  (logic  1).  The  actual  output  is  shown  below 
the  indicated  input  levels.  Right,  ideal  outputs  and  the  actual 
outputs  for  the  logical  operations  OR,  NOR,  AND,  NAND,  xor, 
and  XNOR,  respectively. 

inputs  consisted  of  two  rectangular  apertures,  one  ver¬ 
tical  and  one  horizontal.  When  these  were  superim¬ 
posed  along  with  the  bias,  a  square  image  was  formed 
with  the  four  quadrants  having  the  intensity  levels 
shown  in  Fig.  4.  This  image  corresponds  to  the  logic 
truth  table  shown  in  the  figure.  Thus  the  output  im¬ 
ages  have  intensity  levels  determined  by  the  truth  table 


associated  with  the  desired  logic  function.  The  logic 
functions  AND,  OR,  XOR,  and  their  complements  were 
implemented  sequentially,  as  shown  in  Fig.  4,  by  al¬ 
tering  only  the  Fourier  plane  filter.  Imperfections 
visible  in  the  output-plane  data  arise  from  defects  in  the 
cell  structure  of  the  VGM  device  employed  in  these 
experiments.  Investigations  of  VGM-device  im¬ 
provements,  limitations,  processing  speed,  and  pixel 
uniformity  are  in  progress. 

We  have  described  the  variable-grating-mode  (VGM) 
liquid -crystal  optical  transducer,  which  operates  by 
providing  an  intensity-to-spatial-frequency  conversion. 
It  has  been  demonstrated  experimentally  that  this  de¬ 
vice  can  be  used  to  perform  combinatorial  logic  opera¬ 
tions  on  binary  images.  Principal  among  the  advan¬ 
tages  of  the  VGM  approach  is  the  flexibility  of  the  de¬ 
vice  inherent  in  its  functional  programmability,  which 
may  be  exercised  at  will  merely  by  changing  a  low-res¬ 
olution  spatial  filter.  Additional  advantages  include 
level  restoration,  fully  parallel  two-dimensional  pro¬ 
cessing,  and  reduced  coherence  requirements. 
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